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THE EFFECTS OF IONIZING RADIATIONS CN THE BICCHEMISTRY
OF MAMMALIAN PISSUES

Jo Influonce of X-Irpradiation on the Davelopment of a
~Thiophosphste-Uxidizing Fnzyno oystem in Lhe
Livers of Young Male Rata

Bernard E. Hietbrink, Marjoris Xeshmiri, and
Kennoth P. DuBois

This report concerns: Results of additional experiments wndertaken
to obtain information concewning the influence of ioniszing radiations en the
devglooment of the phosphorothiocate-cxidizing enzyme in the livers ef yuvung
nale ratse The influsnce of 100 r and 200 r of x-ray, glven at saven and
fourtesn-day intervals, on the synthesis of this ensyme system wae invesii-
gated. Obmervations wsre aleo mads on ths influence of exogenousz adrenal
corbical extract on the development of tho drug metabolizing enzymes and
further studies were parformed to ascertein ths ebility of Z-mercaptoethyl—
amine (MEA) to prevent the inhibitery effect of radiation on the gynthesis
of this ensyme system.

Immadiate or ultimate application of the results: The prszsent ine
vestigatlion constitutes a continvation of studles on the effects of lonizing
radiations on the development of microsemal enzymer in the liver which are
responsible for the oxidative desulfuration of phoasphorothicates and which
catalyze the metabolism of other drugs and toxic compounds. During the courze
of this study we have attempted to obtain information concerring the influence
of radiation on the mechsnisms respongsible for the nommal developmsnt of thsee
nicrezomal ensymes in young male ratg. Results of previous studies have shown
that gingle doser of 100 r or 200 r of x-irradiation cause substantial inhd-
bition in ths rate of developmsnt of the ensymsa in young rats for approxi-
nately four weeks following expocure. The ensyme activity dsvelops rapldly
after this perioc and reaches normal adult levels at six wesks after 100 r or
200 p of x«ray. Data has been obiained indicating thai the inhibition of the
development of the ensyme activity moy be dne to damage to systems other than
¢hose found in the liver or to the abllity of shielded tissuss to supply some
gubstanco essential for developmsnt of miciosoms enzymes in the liver. 1%
was also found that the inhibition caused by 200 r or 40O r of x-ray esn be
gignificantly reduced by the administration of MEA prier io x-ray supssure.
The present invesiigationa, which sre a2 contimuation of those studles, show
that the administration of a second dose of 100 p or 200 r of x=-ray soven
days after the initisl oxposure vrolongs the inhibitory effect of radiation
on the development of the microsome enzymes. However, giving a sscond radi-
ation exposure fourteen doys after the first exposure does not substantially
influence the amount of delasy in enzyme synthesis. Evidence is presented thst
sdministrstion of MEA befora 500 r of x~ivradiation does not prevent the in-
hibitory effect on the developmant of enzyme activity. It is anticipated
that the information obtained in these experiments will provide information
that will be useful in ascertalning the mschanimme involved in the injurious
action of lonizing radiations on mammalian tlssues,
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Recent studies in this laboratory indicated that sublethsl dowes of
z-irradiation have a marked inhibitery influence on ths development of micro-
soma enzymes that are necessary for the metaboliszm of various drugs and texie
agents (1) in the livers of young male rate, A systematic study was under-
taken to obtain information concorning the radiation-induced defect in the
synthesis of microsoms enzymes. One phase of this study conzlsted of measure~
ments of the influence of x-ray on the dovelopmont of & microgome oxidage which
catalyzes the desulfuration of the phesphorothivate, dhiethyl=2~(L-oxo-1,2,3-
bansstriazinyle3-mothyl) phosphoredithieata (guthion, DBD), to its exygen ana-
logne.

Resulte of thsze studies have indlcated that doses of x-ray as low as
100 r (2,3) cause eubstantial rsductien in the rate of development of the
enzyae Aystem, that the inhibltien de reversibvle, and that the enzyme activity
reschss normel adult levels at five to zix weeks after 100 r or 200 r of
x-irradiation (L). Experiments undertalen to gain informatien on the gross
site of radlation-~-induced inhibition showed that ghielding of the testes or
of the liver arsa did not preveni the imhibitory effect of 200 r or 100 r of
x-ray on the activity of this ensyme (3). Recently it wus found that the ad-
miniatration of 600 p of xeray to the liver arsa while ghielding the remainder
of the body reduced the rate ef development of the engymes during the latter
part of the observation poried (3). The present report dsscribes results of
additional axperiments on the influence of x-irradiation L6 the liver area on
the gynthesis of this ensyme systam.

Heasurements were mede of the ability of a radloprotective compound to
prevent the inhibitory effect of radiatien on the developmsnt of the phosphore-
thieste-oxidizing enzyme, Administration of 200 mgma flegm. of MEA ten mimutes
befora 200 r or L0O r* of x-ray reducad the degree of inhibition of enzyme
gynthesls caused by x-irradiatlon (5). The results of further studiss cone
cerning the sbility of MEA to reduce the radlation-induced synthesis of the
liver uxidass system are deseribed in this report, Data concerning the influ.
ence of repeated exposurss of x-irradistien and dally imjections of adrensl
cortex extract on the develomment of micresoms enzyme activity ars &lso in~
cluded in this repsrt.

Materiala and Methods. Young, mals Sprague~Dawlsy rats ware used fer
these axperiments. 1he animale were housed in slr-conditionsd quarters and
were given Rockland Rat Dist and water &d libitum., ZX-irradlation was adminis-
tered 28 a single exposurs with a 0. E. Hoximar therapy unit smploying the
folicwing redimtion factors: 250 HVP, 15 ma., 0.25 mm, Cu and ) mm, Al sdded
filtration. The target-animal distance was 75 cm. glving @ dese rats of 34 v
to 36 v rer minute as messured in alr with a Victorson ionization shamber,

For experimsnts on the offect of pzriilal bedy shielding on the development of
the drug metabolizing enzyme system, weanling rats (23 days old) wers anastho.
tized with aqueous solutions of sodium pentobarbital {25 mgm./kgm. intrapsrite-
neslly) to facilitate accurate placement and maintenanse of the lead shislde
during radiation exposure. Neutral aguecus golutions of MEA wers freshly
preparsd and injected intraperitoneally ten minutes before administration of
z-irradiation. Sterils solutions of Adrens) Cortex Injection U.S.P. wers
given daily by the intramwscular routs.
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For enzryme assays the rate were sacrificed by decapitation and the
livers were quickly remeved, weighed and homogenized in cold distilled water,
Guthion was converted to its active metabolite by the method developed by
Murphy and DuBois (6) in this laboratory and by a modification of the method
used by Conney et al. (7) for other reactions catalysed by microsome encymes.
The detalls of these modifications and the methods employed in the calculation
of the ensywe activity have been described in a previous report from this
l.wrlwry (S)o

Results

Influence of repeated doses of 100 r or 200 r of x-irrsdiation on the

develonrment of the phosphorothioate-oxidizing enzyme system in the livers of
‘ %& rats, Previous studles in this laboratory have shown that dosea of radi-
ation ranging from 100 r to LOO r cause a substantial inhibition of the develop-
nent of the enzyme system in the livers of young male rats which is responsible
for the oxidative desulfuration of phosphorothicates (2,3). The radiation-
induced inhibition of the development of this enzyme system is reversible and
the ensyms activity rcaches normal adult levele at four to six woeks after

100 r or 200 r of x-ray (L4). In order to obtain information on the influence
of repeasted exposures of x-irradiation on the develorment of enzyme activity,
groups of enimals which had received 100 r of x-ray at 23 days of age were
given another dose of 100 r at 30 days or 37 days of age and groups which had
been exposed to 200 r of radiation at 23 days were given 200 r at 30 days or
37 days of age., The animals were sacrificed at various intervals during the
following three weeks, a portion of the liver was removed and the activity of
the microsome enzymes was measured. The results of these measurements are
shown in Figures 1 and 2 where sach point on the curves is the average of
meagurements on the livers of at lezst four animals,

The data in Figure 1 show that the livers of animals which were given
100 r of x-ray at 23 days and 100 r at 37 days of age exhibited a rate of develop-
ment of microsome engyme activity which was similar to that observed in the
liver of rats that had been given thig dose of radiation at 23 days of age,
however, the enzyme activity of the livers of rats which were given a second
exposure of 100 r at 30 days of age was substantially inhibited until the
animals reached &0 days of age. The data in Figure 2 illustrate that repeated
expogures to 200 r produce an effect similar to that shown in Figure 1. The
enzyme activity of the livers of rats which were given a second doge of 200 r
of x~ray at 37 days of age reached an adult level at approximately the same rate
a8 the animals which were given 200 r of x-irradiatlon at 23 days of age. The
administration of a second dose of 20C r of. x-ray at 30 days of age prolonged
the radiation~induced inhibition of the synthesis of the drug metabolizing enzyme
systen,

Influence of 2-mercaptoethylamine on the radiation-induced inhibition
of the development of the phosphorothioate-oxidizing enzyme system in the livers
of - male rats, The results of studies presented in our previous report (5)
showed that 200 mgm./kgm. of MEA reduced the degree of inhibition of the develop-
ment of the phosphorothicate-oxidizing enzyme caused by 200 r or LOO r of
x-irradiation, It was observed that LOO r of x-ray caused s delay in ths de-
velopment of .the esnzyme system in the MEA-treated rats and it appeared unlikely
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that the radioprotective activity of this compound would be sufficient to
prevent the inhibitory effect of higher doses of x-irradiation, To obtain
additional information on the ability of MEA to reduce the radistion-induced
inhibition of the develomment of the drug metabolising ensymes in the liver,
23-dsy old mals rats “ere given intraperitoneal injections of 200 mgm./kgm.
of MEA ten minutes before 500 r of x-irradiation. The animals were ssorificed
and a portion of the liver removed for ensyme measurements at frequent inter-
vals for a period of three weeks after x-irradiation. The results of these
neasurenments ars presented in Pigure 3 where esach point on the curves for the
irradiated animals is the average of measurements on the livers of at least
four animals and each noint on the control curve is the dverage for 8 to 10
.ﬂi-hc

Tho data in Migure 3 show that 200 mgm./kgm. of FEA given ten minutes
before 500 r failed to prevent the radiation-induced inhibition of the develop-
ment of the phosphorothioate-oxidizing ensyme system in the livers of young
male rats. Thus it is evident that MEA is not capable of preventing ths in-
hibitory effect on the development of the drug metabolising enzryme caused by
doges of x~irradiation in excess of LOO r,

Influence of tial body shiel on the development of the phos~
rothicate-oxidising ens stem in %ﬁ Tivers o7 _ male rats. The
resu of previous studies have shown t ) t! stes or liver
area does not prevent the inhibitory effect of 200 r of x-irradiation on the

develooment of the phosphorothioate-oxidising ensyme system in the liver of
young male rats (2,3). These experiments also demonstrated that whem the liver
area was exposed to 200 r or LOO r of x~ray with the remainder of the body
shielded syntheeis of the drug metaboliring snzyme system in the liver was not
inhibited (3,4). More recent observations have shown that 600 r of x-ray to
the liver area caused a substantial inhibition in the rate of development of
the phosphorothioate-oxidizing enzymes in the liver during the 12 to 2l-day
period following 600 r of x-irradiation. The present study was undertaken to
determine the influence of higher doses of x-irradiation on the development of
the ensyme activity in the liver. For these sxperiments 23-day old male rats
were anssthetised with 25 mgm./kgn. of sodium pentobarbital and lead shields
were placed so as to shield the entire body except the liver area. This area
was then given 600 r of x-irradiation. The animals were sacrificed at various
intervals during the following three weeks, a portion of the liver was removed
and the microsome oxidase activity was measured. The results of thase measure-
ments sre presented in Figure L where each point on the curves is the average
of meagurements on the livers of at least four animals,

The influance of 270 r of whole body x~irrsdiation and of 600 r of
x~ray to the liver area on the synthesis of the drug metsboliging onsyme in
the livers of male rats has been presented in previous reports and is included
in Figure i for purposes of comparison. The data illustrate that 800 r of
x-ray adminigtered to the liver area, like 600 r to this area, csuses a sub-
stantial inhibition in the rste of synthesis of the ensyme activity during the
12 to 21-day period following x-irradiation.

Influsncs of dai ections of adrenal cortex extract on the radiation-

induced Tnhibition of the development of Eg p%i_’ﬁmm&-mm%
tem in the livers of male rats. s of recent studies on Plu-
ence of partial body iﬂiﬁgng have Inaioaf,od that shielding the liver area while
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expoeing the remainder of the body to 200 r of x-ray reduced the inhibitory
effect of radiation on the cCevelomsent of the phosphorothicate oxidising ensyme
(3), that shielding the testes did not affect the inhibitory action of 200 r
(2) and that 600 r and 800 r of x-ray administered to the liver area caused a
significant degree of inhibition in the synthesis of this ensyme system. In
view of these regults it seemed pomsible that radiation damage to the adrenal
glands might piay a role in the delay in the development of the drug metsboliring
engyms. Thus studies were undertaken to obtain information concerning the in-
fluence of adrenal cortex extract on the radiation-induced inhibitory effect on
the synthesis of microsome oxidases, For these experiments weanling rats vere
given 200 r of whole-body x-irradiation and 0,1 ml./day of adrenal cortex ex-
tract was administered intrgmscularly, The animals were sacrificed at various
intervals during the following 3-week period and the microsome oxidase activity
of the liver was measured. The results of ‘these experiments, which are shown
in PMgure 5, indicate that daily injection of adrenal cortex extract reduced
the degree of radiation-induced inhibition of the development of the phos-
phorothicate-oxidizing enzyme caused by 200 r. These results provide evidence
which indicates that radiation-induced injury to the adrenal glands may be a
factor in the delayed development of ensyme activity in the livers of young
nale rats, Additional studies, designed to obtain more conclusive evidence
concerning the role of adrenal cortical hormonea in the synthesis of this
enzyme system are currently in progress.

Discussion

The present investigation was undertaken to obtain additional infor-
mation concerning the influence of ionizing radiations on the development of
the ensymes in the livers of young male rats which are responsible for the
metabolism of various drugs and toxic agents, The present report concerns z
study of the influence of repeated doges of 100 r or 200 r of x-irradiation at
7 days and 1L days after the initial exposure on the synthesis of the phes-
phorothiocate-oxidizing enzymes, a contimuation of previous studiss to determine
the effect of partial body shielding or pretreatment with 200 mgm./kgm. of MEA
on the inhibitory effect of x-ray on the microsome oxidases ae well as the re-
sults of initisl experiments designed to obtain information on the influence
of adrenal cortical hormones on the development of these engymes. The results
of these studies indicated that the administration of a second dose of
x-irradiation to Ye-day old rats at seven days after the initial exposure in-
creased the period required for synthesis of enzyme activity; however, when
the second dose was given 1), days after the first exposure the microsome oxi-
dases developed at a rate similar to animals irradiated only at 23 days of
age. It was found that the administration of 800 r of x-ray to the liver area
did not inhibit the initial development of the enzymes responsible for drug
metabolism but that the synthesis of the system was substantially inhibited
during the latter portion of the observation period. It was noted in this and
previous experimenta (3,4,5) that radiation appeared to enhance the development
of the phosphorothiocate-oxidizing engymes in the liver for apvroximately 10 teo
12 dsys following x-ray. The exact mechanism responsible for this effect is
pot readily avparent, however, it seems likely that sodium pentobarbital used
to irmobilise the animals during the shielding experiments may be causing this
initial stimulation in activity since Conney et al. (8) have shown that rela-
tively small doses of other barbiturates csuse marked increases in the activity
of various drug-metabolizing ensymes which are located in the liver microsomes.
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Further studies are currently in progress to obtain information concerning
the influence of x-irradiation on the increases in phosphorothieste-oxicizing
engyme activity caused by barbiturates and other chemical compounds.

The results of preliminary studies on the influence of adrenal corti-
cal hormones on the radiation-induced inhibition of the development of the
drug metabolising ensymes showed that daily injections of 0.1 ml, of adrenal
cortex extract reduced the degree of inhibition caused by 200 r of x-ray.
Thess resulte provide evidence that radistion-induced inhibition of the de-
velopment of microsome enzyme activity may be partially due to an insufficient
release of adrenal cortical hormones., Additional studies deasigmed to provide
information on the effect of exogenous adrenal cortical hormones on develop-
mant of the phosphorothioate-oxidizing enzyme activity in partially shielded
and total body irradiated snimals are currently in progress.

Smmagz .

1, Studies were undertaken to determine the influence of repeated exposures
of 100 r or 200 r of x-irradiation on the development of tine phosphoro-
thieate~oxidizing enzyme system in the livers of young male rats. It waa
found that the enrxyme activity of the livers of rats which were given 100 r
or 200 r of x-ray at 23 days of age and a like dose at 37 days of age
reached the normel adult level at approximately the same time as the
livers of animals which were irradiated at 23 days. Administration of
the second dose of 100 r or 200 r of x-ray at 30 days of age increased
the period of radiation«induced inhibition of development of enzyme ac-
tivity. .

2. The injection of 200 mgm./kgm. of MEA tan minutes before 500 r of x-ray
failed to substantially reduce the radiation-induced inhibition of the
synthesis of the drug metabolizing anzyme system in ths livers of young
male rats.

3. The results of experiments on the influence of partial body shielding indi-
cated that the administration of 800 r of x~irradiation to the liver area
of 23-day old rats caused a substantlal inhibition in the rate of synthesis
during the 12 te 2l~day period following radiation.

L, Measurements of the influence of daily intramuacular injections of adrenal
cortex extract on the radiation-induced inhibition of the development of
the phosphorothioate-~-oxidizing ensyme system were performed. Results of
these measurements indicated that daily injectioms of adrenal cortex ex-
tract reduced the degree of radiation-induced inhibition in the synthesis
of the drug metabolizing enzymes in the livers of young male rats.
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THE EFFECTS OF IONIZING RADIATIONS ON THE BIOCHEMISTRY
OF MAMMALIAN TISSUES

II. The Influence of Various Chemical C ds_on
~FadTstTon-Todused Waniges Tn Fosyme AetIAtles Gies 17 Bosyms Totrvities
r

1ssues

Bernard E, Hietbrink, Marjorie Kestmiri and
Mary E. Hayward

This report concerns: The results of studies on the influsnce of
chemical compounds on the injurious effects of x-~irradiation. The present
study has been concerned with the quantitative measurements of the radio-
protective activity of 2-imino-thiagolidine-L-carboxylic acid and of the
influence of orsl administration of various combinations of cysteins,
2.aminoethylisothiouronium (AET) and 2-mercaptosthylamine (MEA) on the
radiation-induced changes in ensyme activity of the spleens, thymus glands
and smsll intestines of the rat. The results of 30-day survival studies on
animals treated with 2-imino-thiasolidine-L-carboxylic acid before and after
letmal doses of x-irradiation ars also included.

Immediate or ultimate avplication of the results: To obtain infor-
mation concerning the abllify of varlous chemical compounds and mixtures of
these agents to reduce the damaging effects of radiation on the spleens,
thymus glands and intestines of rats. Results of a previous study (1) on
the influence of oral administration of radioprotective compounds indicated
that the maximym protective effect of MEA by this route occurred at two hours
after adninistration. However, very little information is available concern-
ing the ability of radioprotective agents to prevent radiation injury when given
orally, Data of this type would be of considerable value in determining the
practicsl use of chemical compounds as radivprotective agents. Recent studies
by Melville et al. (2) have shown that the oral sdministration of mixtures of
cysteine and ALY provides significant protection against the lethal effects
of x-irradiation in monksys. Thes current study was undertaken to determins
the radioprotective activity of 2-imino-thiazolidine-l-carboxylic acid, a
compound not previously tested for protective activity in rats, and to obtain
additional information concerning the influence of the oral administration
of mixtures of certain sulfur-containing campounds on the radiation-induced
changes in the enzyme activities of the spleen, thymus glands and small in-
testine. It is hoped that these studies may lsad to the formulation of a
dm.g treatment that will provide optimum radioprotection when given by the
or route.

* 3 % st %

Recant studies in this laboratory (3) showed that 2-imino-thiaszolidine-
L-carboxylic acid, s minor metsbolite formed in the detoxification of cyanide,
protected mice against the lethal effects of x-irradiation. This agent is of
particular interest because of its structural similarity to AET. In our
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previous study () it was found that the intraperitoneal administration of
125 m@no/kgmo of this compound 25 minutes before x-ray provided substantial
reduction in the biological effcet of LOO r in the spleen. In view of these
results additional studies were undertaken {0 determine the influence of
various doses of this thiazolidine derivative on the radiation-induced
changes in the enzyme activity of certain tissues of the rat and to ascertain
the ability of this compound to prevent mortality caused by 850 r of x-irradi-
ation. The results of these studies indicated that 110 mgm./igna of the
thisgolidine derivative given 10 mimites before LOO r reduced the degree of
change in the enzyme activity of the spleens md small intestines and per-
mitted 607 survival of rats exposeu to & Jethal dose of B850 r.

Results of our recent studies (1,5) on the influence of oral adminis-
tration of various radioprotective apgents on the radiation-induced changes in
the adenosine triphosphatapo activity of -the hematopoictic tissues and of the
cholineaterase activity of the small intestine indicated that in general the
compounds were more effective when administered intraperitoneally, Melville
ot al. (6) have found that the administrationof a mixture of AET and cysteine
provided a similar degree of radioprotection in monkeys whon given by the oral
or intravenous routes. Thus it was of intercst to study the radioprotective
effects of mixtures of same sulfur-containing agents given ord ly to rate,
Results of this study indicated that tha mixture of 1,000 mgm./kgm. of cysteine
and 600 mgm./kem. of AET provided substantial protection %o all the tiasuss
studied when given orally 30 mimutes before LG r.

Materials and Methods., Adult, femsle Sprague~Dawlsy rots wers used
for these encgerimontaa “The animals wera housed in air-conditioned quarters
at 68° $o0 75° F, and wers given Rockland 'Rat Diet and water ad libitum,
X=irradiation was azdministered as a single whole body exposure with a G. E.
Maximar Thorapy unit employing the following radiation factors: 250 KVP,

15 ma., 0,25 mm, Cu and 1 mm, Al added filtration. The target-animal distance
&g 75 om. giving a dose rate of 3 r to 36 r per minuts as measured in air
with a Victoreen ionization chamber. The procedurs employed for the synthesls
of 2-imino~thiazoliding-l=carboxylic acid, which was preparad in this lakora-
tory, is presented in detail in e previcus report (3). The other compounds
tested for radioprotective activity wera injected as neutral squeous mixtures.
In £11 cases tha concentrations were adjustad to permit injections of total
volumes not exceeding 1% of the body welight.

The adenosine triphosphatagse activity of the spiecens and thymus glands
was meagured according to the method of BuBois and Potter (7) using 0.5¢ homoge-
nates of spleen and 1% homopenates of thymus glands. Assays were pedformed in
duplicate using 0.1 ml. and 0.2 ml, of each aqusous tissue homogenates., In=
organic phosphorus was determined by tha method of Fiske and Subbarow (8) and
the enzyme activity was expresaed ap micrograms of phosphorus liberated from
adenosine triphosphate by 1 mgm. of tissue during a 1lS-minute incubation
period. The acatylcholinesterase activity of the omall intestine was de-
ternined by the manomotric method of DuBols and Mangun (9). A portion of the
amall intestine was freed from the mesenterlc comnective tissue and fat and
longitudinally digsected to expel the contents. The tissue was washed with
distilled water, blotted with filter paper, minced and homogenized in Ringer-
bicarbonate buffer, Measursments were conducted in cuplicate uwaing 50 mgm.
of tissua per Warlurg veassel. The vessels were gassed with 5% COy and 95% Np
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for five minutes., Carbon dioxide evolution was recorded at S-minute intervals
for s period of 30 minutes following a preliminary 10-mimute equilibration.
Acetylcholinesterase activity was expressed as microliters of CO, evolved per
50 mgm. of tissue during a 10-mimite incubation pericd. The degree of radio-
protection provided by the chemical compounds in the tissues studied was ex-
pressed as per cent recuction of the biclogically effective radiation dose. The
data presented in this report were calculated using the dose response curves
and methods described in a previous report (10).

Results

The effects of 2-imino-thiaszolidine-l-carboxylic acid and 2-mercapto-
ethylamine on the changes in entyme activities of the spleens, t I::P-Ta?'
and IntestInes of rats three days alter LOO r of x-irradiation. sults o
experiments presented in our previous report (L) 1ilustrated that 2-imino-
thiazolidine.lj~carboxylic scid, ¢ metabolite formed during the detoxification
of cyanide, is capable of reducing the degree of radiation-induced change in
the adenosine triphosphatage activity of the spleen. These studies indicated
that the compound is relatively non~toxic to rats. Thus it was of interest to
obtain infomation concerning the ability of higher dosee of this compound to
reduce the damaging effects of radiation in the hematopoietic tissues and in-
testines of rats. For these experiments groups each containing four rats were
given 140 mgn./kgmo or 175 mgm./kgm. of the thiasolidine (expressed as equiva-
lents of HCN) at 10 minutes or 25 mimutes before 40O r of x-ray. Three days
later the animals were sacrificed for adenosine triphosphatase assays on the
spleens and thymus glands and for cholinesterase measurements on the small in-
testines. The results of these experiments are presented in Table 1.

The dats presented in Table 1 show that 140 mgm./kgm. of the thiazoli-
dine derivative given ten minutes before LOO r of x-irradistion provided a sig-
nificant reduction in the biological effect of LOO r in the spleen and small
intestine tut did not benefit the thymus glands, Administration of 1LO mgm./kgm.
of the thiazolidine 25 minutes before LOO r of x-ray caused a 29%¢ reduction in
the effect of radiation in the spleen but did not reduce the damaging effect of
radiation in the thymus glands and intestine. Increasing the dose of the
thriazolidine to 175 mgm. o failed to protect the spleen to the extent pro-
vided by the lower doses of this compound (4). No gross toxic manifestations
were observed following the injection of the thiagolidine derivative. There-
fore, it appeared to be a suitable apgent to be given in combination with other
radioprotective agents. MEA has been shown to be one of the most effective
radioprotective agents in rats and it has been found to enhance the radiopro-
tective activity of other sulfur-containing compounds. The data presented in
Table 1 indicate that the administration of 1O mgm./kgm. of the thiasolidine
in combination with 200 mgm./kgm. of MEA failed to protect the tissues studied
to the extent of MEA given alons.

The effects of oral administration of the combination of cysteine and
MEA or cysteine and AET on the changes In ensyme activities of the spleens,
s glands and Intestines of rats three days after LOO r of x-Iirradiation.
ous studies In this laboratory on the effect of oral administration of
radioprotective compounds to rate have generally indlcated that most radiopro-
tective oompounds are more effective when given intraperitoneslly (5). In this
gonnection i1t was found that the maximum protective effect of MEA by the oral
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route ocourred at two hours after administration (1). Results of studies on
the influence of oral administration of sodium diethyldithiocarbamate and di-
methylammonium dimethyldithiocarbamate indicated that these agente were not
capable of reducing the radiation-~induced changes in sdenosine triphosphatase
activity of the spleen when given by this route (5). This study showed that
the oral administration of p-aminopropiophenone (PA”P) provided substantial
protection to the spleen and intestine, Melville (11) has recently found that
the combination of AET and cysteine, given orally, provides marked protection
against the lsthal effects of x-irradiation in monkeys., Thue 1t was of inter-
est to determine the radioprotective activity of certain cambinations of AET,
MEA -and cysteine in rata. For these experimentes groups each containing four
rats were given various mixtures of cysteine and MEA or cysteine and AET 30
minutes before LOO r of x-irrsdiation, Three days later the animale were
sacrifioced for adenosine triphosphatase assays on the spleens and thymus
glands and cholinesterase measurements on the intestines, The results of
these measurements are presented in Table 2.

The data presented in Table 2 indicate that oral administiation of
the mixture of 1,000 mgm./kgm. of cysteine and 200 mgm./kgn. of MEA provided
substantial protection to the hematopoletic tissues tut did not benefit the
intestine when given 30 minutes befors LOO r of x-ray. Increasing the amount
of MEA in the mixture to 250 mgm./kgm, did not improve the radioprotective
qualities of this combination. Several dosage levels of ALT were given in
combination with 1,000 mgn./kgm. of cysteine. The most effective mixture of
these compounds tested contained 600 mn/k@o of AET. This combination pro-
vided substantial reductions in the bioclogical effect of x-ray in all the
tissues studied.,

The offect of 2-imino-thiasolidine=-li-carboxylic acid on the 30-dsy
survival of rats after 850 r of total-body x-Irradiation. Results of experi-
ments presented In this and our previous report (L) indicate that in certain
instances 2~-imino-thiasolidine-li-carboxylic acid provided significant re-
ductions in the biological effect of LOO r in the tissues under investigation.
In order to relate this protective effect to the ultimate survival of the
animals 140 mgm,/kgm. of the thiasolidine derivative wme given at 25 minutes
before, 10 minutes before, or 25 minutes after exposure of rats to a lethal
dose of x-irradiation. The data presented in Table 3 show the effects of this
compound on the 30-day survival and median survival time of animale treated in
this manner. A dose of 850 r of x-irradiation csused 100% mortality and re«
sulted in & median survival time of nine days.

The administration of 14O mgm./kgn. of 2-imino-thiazolidine-li-carboxylic
acid ten minutes before x-ray permitted survival of 60% of the rats given 850 r.
The injection of thiasolidine 25 minutes before x-ray was not as effective and
prevented mortality in one of the five animals given 850 r of x-irradiation.
Results of recent studies in this laboratory (3) indicate that this thiasolidine
increased the median survival time and permitted significant survival of mice
after 650 r of whole-body x-ray. Thus it was of interest to determine the
radioprotective activity of this compound when given 25 minutes after 850 r of
radiation, The results of this study indicate that the administration of 140
mgm./kgn. of 2-imino-thiasolidine-L-carboxylic acid 25 minutes after x~ray did
not prevent the radiation-induced mortality from 850 r and apreared to enhance
the lethal effects of x-irradiation a# indicated by s reduction in the median
survival time from nine days to five days.
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TABLE 3

THE EFFECT OF 2-IMINO-THIAZOLIDINE-}4=CARBOXYLIC ACID
ON THE 30-~DAY SURVIVAL OF RATS AFTER 850 r of
TOTAL-BODY X-IRRADIATION

Time of

Dose in  Administration S“,;:éa"‘l’"/ g Hediah Survival
ngn./kgn. witt.:: %o;:z;cb Animals Survival (Days)
None 0/s0 0 9
1,0° 10 min. before 3/s 60 23
1,08 25 min, before 1/s 20 19
1,08 25 min. after o/s 0 5

8zxpressed as mgm./kgn. equivalents of HCN.
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Discussion

This investigation consisted of a contimuation of experiments under-
taken to obtain information conserning the radioprotective activity of 2-imino-
thiazolidine-l-carboxylic acid injected intraperitoneally. Studies were also
undertaken to determine the effect of the oral administration of various mix-
tures of cysteine and AET or cysteine and MEA on the radiation-induced changes
in the adenosine triphosphatase activity of the spleans and thymus glands and
in the cholinesterase activity of the small intestine of rats. The results of
these experiments showed that 1,0 mgm./igm. of 2-imino-thiagolidine-lwcarboxylic
acid provides substantial protection to the spleen and intestine and protected
60% of the rats against the lethal effects of 850 r of x-ray. Initial experi-
ments indicated that the administration of this thiazolidine derivative in
combination with MEA reduced ths radioprotective activity of MEA in the tissues
studied,

Studies on the influence of mixtures of cysteine and AET given orally
on the radiation-induced changes in the enzyme activity of the hematopoietic
tissues and intestine of rats showed that the mixture of 1,000 mgm./kgm. of
cysteine and 600 mgm./kgm. of AET provided a substantial reduction in the bio-
logical effects of LOO r in the tissues studled, Other doses of AET ranging
from 300 mgm./kgm. to 700 mgm./kgm, were administered as mixtures with 1,000
ngm./kgm, of cysteine but were less effective in preventing the changes in
enzyme activity of one or more of tha tissues studied. Results of initial e
periments on the radioprotective sctivity of 200 mgm./kgm. or 250 mgm./kegmo. of
MEA given orally in combination with 1,000 mgm./kgn. of cysteine indicated that
this combination ig considerably moire effective when given intraperitensally.
Additional experiments are currently in progress to obtaln further informaticn
on ths influence of oral administration of various combinations of radiopro=
tective compounds.

Summazx

1. A study wes conducted tc determine the influence of 2«iminc-thiazolidine=~
hi=carboxylic acid on the radiation-induced changes in the enzyme activity
of the spleens, thymus glonds and intestines of rats. It was found that
acministration of 140 mgn./kgm. of the thiazolidine (expressed as equiva-
lents of HCN) ten minutes before x-irradiation provided 19% and 167 ro-
dustions in the biological effect of LOO r in the splesns and small in-
testines respectively. Adninistration of thie compound 25 minutes before
radistion provided substantial protection to the spleens but did not bene-
£1% the other tissues studied. Increasing the dose of the thiazolldine
to 175 mgm./kgm. failed to enhance ths protective activity in tho hemato-
poietic timsues. The combination of 140 mgm./kgm. of 2-imino-thiazolidine-
L~carboxylic actd and 200 mgm./kgm. of MEA did not reduce the biological
effect of x-irradiation to the extent of MEA given singly.

2. Experimonts were undertaken to obtain information concernming the radiopro-
tective activity of mixtures of cystsine and MEA or cystelns and AET. when
administered orally. These studies indicated that mixtures of 1,000 mgm./
kgm, of cystoine with 200 mga, /kgmo or 250 mgm./kgm. of MEA provided modere
ate reductions in the biological effect of radiation in the hematopoietic
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tissues but did not benefit the intestines when given 30 minutes before
x-ray. Doses of AET ranging from 300 mgm./kgm. to 700 mgm./kgm. were
given in combination with 1,000 mgm./kgm, of cysteine, The mixture con~
taining 1,000 mgm,/kgm, of cysteine and 600 mgm./kgm. of AET was the most
effective and provided reductions of 37%, 22% and 25% in the biological
effecte of x~irradiation: in the spleens, thymus glands and intestines
respectively.

Results of studies on the effects of 140 mgm./kgm. of 2-imino-thiasolidine-
li~carboxylic acid on the 30-day survival of rats given 850 r of x-ray
showed that the administration of this agent ten minutes before radiation
permitted 60% survival, One of the five rats given the thiazolidine de~
rivative 25 mimutes befare radiation survived the test period. Adminise
tration of the compound 25 minutes after 850 r of x-ray enhanced the lethal
effects of radiation as 1ndicaead by a marked reduction of the median sur-
vival time,
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THE EFFECTS OF IONIZING RADIATIONS ON THE BICCHEUISTRY
OF M\MALIAN TISSUES

II1. Influence of X-irradiation on the Reductase Activit:
of the Livers of Fartially H;_pafecmua Rats

Kermeth P, DuBoir and Bernard E, Hietbrink

This report concerns: Further measurements of the reductase activity
of the livers of normal animals and a comparison of the rate of development
of reductase activity in the livers of unirradiated and irradiated, hepatacto-
mized rats,

Jmmediate or ultimate application of the results: The present study
represents a continuation of studies on the effects of radiation on individusl
steps of the hydrogen transport gystem. A mmber of recent previous experi-
ments in this laboratory have shown thnt the development of oxidative microsome
enzymas that require reduced triphogsphopyridine nucleotlde are inhibitad by
»«irradistion. Since the reductase activity has the same coenzyme requirement
as microsome oxidases, a study of the influence of radiation on reductase ac-
tivity offersd a means of agcertalning whether the radiation-induced defect in
microgome enryme activity occurred at a step preceding the formation of reduced
¢riphosphopyridine miocleotide, Cur pravicus studies have shown that x-irradi-
ation does not inhibit the reductess activity of the ilvers of young rats.
Previcus studies in this laboratory demonstratsd that the development of micro-
some oxidases in the regenerating livers of heputectomized rats is inhibited by
x-irradiation, In the pressnt study the influencs of x-irradiation on the de-
velopment of reductase activity in ths livers of hepatactomized rats was
measured. It was anticipated that radlation would not affect the regsneration
of thieg system in view of the aboence of an effect by radiation on ths reductace
activity of the livers of young animals. The results of these experiments have
provided further evidence for a radiation sensitive step in hydrogsn %ransport
system located between reduced tvriphecsphopyridine nucleotide and oxidizable
substratez in the microsonis enzyme systems of rat liver. Thus, the findings
have provided informstion which localizes to gome exteny, the radiation-gensitive
step in metabolic reactions catalyzed by microsome enzymes. The ultimste ob-
Jective of theme studies is to expand available information on the basie bio-
chemical defecte produced in animal tissuen by ionizing radiations,

#* 4 % * RS

A number of previous experiments in this laboratory have indicated
that the dovelopment of oxidative reactions catalysed by microsome enzymes is
inhibited in the livers of young, male rats, Direct svidence for this effect
was obtained (1) by measurements of the oxidative desulfuration of phosphoro=-
thioatses, Tha dewvelorment of these enzyme systems to the normal adult level
normally occurs during the first six weeks after birth of male rats (2)., Young
rats exposed to 200 r or 0O r of x~irradiation at the age of 23 days failed to
exhibit the increasza in enzyme activity that normally occurs tetween 23 and L5
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days of age (1). Testosterone stimulates the development of this system (3)
in the livers of male rats but shielding the testes during irradiation did
not prevent the radiation-induced inhibition of the dev~lopment of the entyme
system.

The inhibitory effect of radiation on oxidative microsome enzymes stimu-
lated our interest in further studies on microsome engymes. The activity of
these ensymes is dependent upon reduced pyridine micleotides which are gener-
ated by dehydrogenase systems. If radiation inhibits a reaction that nomally
produces reduced pyridine nucleotides, all microsome ensymes depsndent upon
these coencymes should be affected. Some direct measurements of this possi-
bility were conducted in this laboratory by studying the glucose-6-phosphate
dehydrogenase and 6-phosphogluconic dehydrogenase activity (L,5) of the livers
of irradiated rats. Radiation did not inhibit any step in the hydrogen trans-
port system from the substrats to reduced triphosphopyridine mucleotide suf-
ficiently to account for the marked inhibition of the phosphorothioate oxi«
diging enzyme in the livers of young rats,

In further attempts te obtain information on the site of action of
radiation on the develomment of liver microscme enzymes, we investigated the
reductase activity of the livers of young, normal and irradiated rats. Prior
to the radiation experiments a detailed study was conducted (6) on the pro-
cedure for quantitative assay of reductase activity. It was found that the
method of Pouts and Brodie (7) does not satisfy the requirements for a valid
ensyme assay when applied to rat liver. In this respect the most important
factor was the conjugation of p-sminobensoic acid formed by reduction of the
p-nitrobenzoic acid which necessitates hydrolysis of ths conjugate, After de-
velopment of a suitable reductase method it was applied to the livers of normal
adult male and female rats and male mice, The present report contains the re-
sults of additional measurements of the reductase activity of the livers of
adult, female mice and adult, male guinea pigs.

X riments conducted on young male rats sacrificed between the ages
of 22 and days demonstrated that the enzyme activity of the liver is less
than half the adult level at 22 days of age and the activity reaches the adult
level by 35 days of age. Rats exposed to 40O r of x=-ray at 23 days of age ex-
hibitec(lé’x)w inhibition of the rate of developmant of reductase activity in the
liver °

In & previcus study (8) we found that sublethal doses of radiation
inhibit the development of a microaome oxidase in the regenerating livers of
male rats after partial hepatectomy. Radiation produced an effect in hepatecto-
mized rats similar to that noted in young male rats, In view of the resistance
of reductase to inhibition by radiation in young animals it was anticipated
that the regeneration of reductase activity after hepatectomy would also be
resistant to radiation. The preliminary experiments described in this report
indicate that radiation does not affect the synthesis of this reduced triphos-
phopyridine nucleotide-linked ensyme.

Materials and Methods. Adult, Carworth Fams (CPy) mice, young male
guines pIge and adult, male Sprague-Dewley rats were used for these experiments.
The animals were kept in air-oonditioned rooms and were fed Rockland Rat diet
and water ad libitum. Partial hepatectomy was carried out under ether anes-
thesia.
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X~irradigtion was administered as single whole body exposurs with a
G.E. Maximar Therapy Unit. The radiation factors were 250 XVP, 15 ma., 0.25
mm, Cu and 1 mm, Al added filtration. The target-animal distance was 75 om.
and the dose rats was 35 r to 39 r per mimite,

Measurement of reductase activity was made by the method developed
recently in this laborstory (6). For the-assays on mouse and guinea pig liver
three levels of tissue were used (25 mgm., 50 mgm., and 100 mgm,). The assays
on rat liver were performed uasing 25 mgm. and 5C mgm, of liver.

Results

Reductase activity of the livers of normal femole mice and male ea

%1%0 In previous studles (5) we found that there 1s no dliference in re-

ctase activity of the livers of male snd female rats and the enzyme activity
of the livers of male mice is cssentislly the same as that of rats, In the
present study assays were performed on the livers of female mice. 7o obtain
information on pogsible species differences, the reductase activity of the
livere of male guinea pigs was measured. .The results of thess measurements
are summarized in Table 1 where ths average and range of values for groupe of
four animals are presented. The values for the amount of free p-aminobenzoic
scid in the medium and the total amount after aeid hydrolysis for 0.5 hours
are presented. The hydrolyzable conjugate is presumably the acetate.

TABIE 1

REDUCTASE ACTIVITY OF THE LIVERS OF FEMAIE MICE AND
MALE GUINEA PIGS

Reductage Aotivity
ngm. of peAminobensoic Acid/100 mgm, of Tissuo/Hour)

Speciss Sax Free Total
Average Range Average Range
Mice Females 9.8 (9:3-10.2) 20,8 (18,9=22.7)
Guinea pigs | Males o (3.5= 5.L) 7.8 (7.1-8.6)

The results of these meacurements showoed that female mice exhibit some-
what lower reductase activity in the liver than males as evidenced by an saverage
of 28.1 unite of activity for males in our previous study (6). As was ths case
wvith males, a large part of the p-aminobenzoic acid was in the acetylated form.
The average reductase activity of the livers of male guinea pige was 7.8 units
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which was about 3 to L times lower than the value for the livers of mice and
rats. Furthermore, a comparison of the free and total p-aminobenzoic acid in
the medium indicates that a smaller amount is acetylated in the case of guines
pig liver.

These measurements demonetrated that there is a conglderable specises
difference in the reductase activity of the livers of guines pigs and rats.
The relative activity of the reductase activity of the livers of various
species was not in the order which Fouts and Brodie (7) reported but these
investigators did not consider the possibility that part of the formed
p-aminobenzoic acid was acetylated in the reaction medium.

Influence of 200 r of x-irradiation on the development of reductase
activity in regenerating rat liver. In a.previous study (8) we found that the
nicroscme ensyme system that catalyres the oxidstion of phosphorothiocates re-
turns to a normal level of activity in about 15 days after partial hepatectomy
of rats. Sublethal doses of radiastion given two daye after partial hepatectomy
markedly inhibited the rate of regeneration of the enzyme activity. To ascer~
tain the effect of radiation on the reductase activity of regenerating liver
a series of rats was partially hepatectomizel. Some of the animals were ex-
posed to 200 r of whole body x-~irradiation at 18 hours after hepatectomy,
Groups of three nomal and irradiated rats were sacrificed at intervals after
hepatectomy and the reductase activity of the liver was measured. The results
of these measurements are summarized in Table 2,

s

TABIE 2 .

EFFECT OF X=IRRADIATION ON THE REDUCTASE ACTIVITY OF 1HE
LIVERS OF PARTIALLY HEPATECTOMIZED RATS

Reductase Activity
(ygm. p-Aminobengzoic Acid/100 mgm./Hour)

Days After | Dose of | Days After
Hepatectomy i X-ray Xeray Free Total

Average Range Average Range

y 0 10,6  (10.2-10.8)} 32,9  (30.7=3Lo3)
12 0 8.9 (8.8-9.0) | 29.7  (28.7=31.7)
3 200r | 2-1/% 1.2 (11.-11.h)f 21,1 (18.9-22.8)
7 200 r 6 Uyl (11.5-2he8)) 340 (300L=37.6)
10 200 r 9 73, (6.6-7.6) | 31.8  (28,9+35.0)
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Although some additional assays remain to be performed on unirradi-
ated animals sacrificed at shorter intervals after hepatectomy, the data in
Table 2 suggest that the reductase activity returns to the normal level rapid-
1y after partial hepatectomy, At intervals for which camparable dats have
been obtained omunirradiated and irradiated hepatectomized animals there was
no difference in the reductase activity of the livers of the two groups. Thus
it appesrs that radiation does not affect the regeneration of reductase ac-
tivity in the livers of hepatectomized rats in contrast to the inhibitory ef-
fect on regensration of microsome oxidase activity (8).

In the reductase assay developed for these studies nitrogen was used
as the gas phase to prevent utilization of reduced triphosphopyridine mcleo~
tide through oxidative pathways. Since at least one oxidative reaction that
utilizes reduced triphosphopyridine nucleotide is inhibited by radiation (1),
it seemed vossible that the recduced triphosphopyridine mucleotide level might
be maintaihed high enough even in the presence of oxygen for some reductase
activity to osour. To test this possibility assays were performed on the same
groups of animals used for the measurements shown in Table 2 and oxygen was
used as the gas phase.

Comparison of the data in Tables 2 and 3 shows that the reductase ac-
tivity was much lower under aerobic conditions than under anasrobic conditions.
There was no increase in activity in the livers of irradiated animals, Thus,
the livers of hepatectomized rats exposed to 200 r have sufficient capacity
to oxidise triphoaphopyridine nucleotids to prevent accumulation of reduced
triphosphopyridine micleotida,

TABIE 3 -
REDUCTASE ACTIVITY OF THE LIVERS OF PARTIALLY HEPATECTOMIZED,

IRRADIATED AND UNIRRADIATED RATS MEASURED UNDER
AEROBIC CONDITIONS

(}1@:0 qunilgam:::ol\ﬁ::}{gymmo Tissue/Hour)
Hematoctomy | Xorey | Xerey | Free otal

Awr;ge Range Aversge Range
9 0 3.2 (2.4-3.8) b3 (ko2-lok)
12 0 2.9 (2.2-3.6) L7 (ko1-5,2)
3 200 2-1/4 3.1 (2,6-U4.0) bl (3:7=k.5)
7 200 6 3.1 (2,3-4.1) L6 (3:3-5.9)
10 200 9 2,1 (2.6<2.8) 2.8 (1,9-3,0)




27

Disoussion

The present investigation was conducted to obtain further information
on the reductase system of rat liver and the influance of whole body irradi-~
ation on the reductase sctivity. Recent experiments in this laboratory (6)
resulted in the development of a quantitative assay for reductase activity and
application of the msthod to the tissuss of normal animals. The results of
assays on the livers of rats and mice demonstrated that there is no difference
in the ensyme activity of the livers of male and female rats and msle mice. In
the present study it was found that the livers of female mice have slightly
less activity than the livers of males and the livers of guinea pigs have much
less reductase activity than mice or rats:; Our studies demonstrated that the
reductase sotivity is higher and species variations are different than was re~
ported by Fouts and Brodie (7) but investigation of their procedure indicated

that it does not meet the requirements of a valid ensyme asssy.

Our previous experiments on redactase (6) have demonstrated that this
ensyme is not affected by radiation in contrast to the mrked inhibitory effect
of radiation on the development of a microsome oxidase (1). Other experiments
(4,5) showed that radiation does not appreciably affect any step in the glucose-
6-phosphate dehydrogenase gystem between the substrate and reduced triphospho~
pyridine nucleotide. The results obtained to date, therefors, indicate that
radiation inhibits a microsome ensyme reaction between an oxidizable substrate
and reduced triphosphopyridine nucleotide. The exact nature.of this oxidative
ensymatic reaction has not been elucidated. Marther work on the inhibitory ef-
fect of radiation on this system may aid in understanding the details of micro-
some oxidase reactions and may provide information on the exact mechanism by
which radiation. inhibite the reaction,

Summary

1. Measurements of the reductase activity of the livers of female mice indi-
cated that the ensyme activity was slightly lower than the activity of the
livers of male mice. The enzyme activity of the livers of nomal male
guinea pigs was 25% to 35% of the level of activity in the livers of rats
and mice.

2. The reductass activity of the livers 6f partially hepatectomized male rats
was measured on unirradiated rats and on comparable animals given 200 r
of x-irradiation 18 hours after hepatectomy. No difference was observed
between the ensyme activity of the irradiated and unirradiated animals.
Conduction of the reductase assay under aerobic conditions also did not
reveal any differences between irradiated and control animals thus indi-
cating that utilization of reduced triphosphopyridine micleotide through
oxidative reactions was not sufficiently inhibited by this dose of radi-
ation to cause accumulation of reduced triphosphopyridine mucleotide.
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PHARMACOLOXICAL AND TOXICOLOGICAL COMPOUNDS AS PROTECTIVE (R
THERAPEUTIC AGENTS AGAINST RADIATION INJURY IN
EXPERIMENTAL ANDMALS

I, The Influence of Various Chemical Compounds on Radiation
EEEIIE; 1n Moe

V. Plzak, M. Root and J. Doull

This report cohcerns:s The survival time and mortality of male CF
mice treated H& various chemical compounds immediately prior to the adminis-
tration of a lethal dose of whole=body x-irradiation,

Inmediate or ultimate application.of the results: To find chemical
ocmpounds capable of reducing or preventing mortallity in x-irradiated animals
and to elucidate same of the structure-activity relationships within groups
of related chemical protective agents. Althcugh none of the currently availe
able radioprotective a2gents provide a practical solution to the problem of
preventing acute radiation injury because of their toxicity or relative in-
effectiveness, the study of these compounds and related derivatives provides
the most logical approach to finding compounds with an improved therapeutic
index. A bettsr understanding of ths precise structural configuration(s) re-
sponsible for maximal radioprotective activity with miniral toxieity would also
be of considerable valus in furthering our knowledge of the basic mechanisms
of radiation damsge in biological systems.

i*****l"*

During the past three months thirty=-four additional chemical compounds
were evaluated for protective activity against the lethal affacts of whole body
x-ray exposure in mice. In addition, two blological preparations, sn extract
of high molecular weight bacterial lipopolysaccharide and a spesially processed
type of chlorophyll, were administered under varying conditions bafore and after
a lethal dose of x-irradiation to ascertain whether they would exhibit radio-
protective effects. Previously (1), propylene glycol had been found to be pro~
tective when administered chronically and it was retested at thie time to sub-
stantiate the results of the previous study.

Materiale and Methods, Adult, male CFy Carworth Farma mice were em-
ployed for these studies. The compounds were dissolved either in water or in
propylens glyool and were administered intraperitoneally with the concentration
adjusted so that the animals received no more than 1% of their body weight with
each injection. Preliminary toxicity studies were carried out with each com«
pound to determine the maximum amount of each derivative which could be adminis-
tered to the mice without causing mortality due to the chemical toxiecity.

At least two dosage levels of each derivative were employwd for the
radiation studies and a minimm of ten mice were tested at each dosage level.
The compounds vere administered 15 mimutes prior to the x-ray exposure which
oonsisted of 700 r of whole-body x-irradiation given as a single exposure.
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The radiation factors were 250 KVP, 15 ma., target-skin distance 75 om.,
added £iltration 0,25 mm, copver plus 1.0 mm, alumimm; and the dose rate was
LhO r per minute aa determined by means of a Victoreen Ionisation chamber in
air, Control animals were given comparable amounts of the vehicle and ir-
radiated similtanecusly with the treated animals. The mortality and the
weight loss in the control and treated mice were followed daily for 30 days
after the x-ray oxposure or until all of the animals were dead. The detailed
description of the irradiation procedure, housing and handling has been in..
cluded in previous rbports (2),

The USAF code letter desipgnation and the source of the compounds in-
oluded in this study are liated in Table 1.

TABIE 1
SOURCE AND USAF COLE NUMBER OF COMPOUNDS INCLUDED
IN THIS REPORT
De sgﬁhi on Source of Compound
AL Alpinapharm Ltd., Zurich, Switeerland
cY Dr. E. Groth, American Cysnamid Company, Bound Brock, New Jeraey
X Eastman Kodak Company, Rochester, New York
uI Dr, ¥o Jo Leonard, University of I1linoig, Urbana, Illinois
QE Dr. H, Yeiner, Geigy Chemical Corp., Ardsley, New York
Vi Dr. Ho S+ Sadow, U, S, Vitamin and Pharmaceutical Corp., No Y.
uJ Dr: B. W. Durachta, Moad Jolmson Research Center, Evansville, Ind,
WL Dr. B, S. Simrts, Warnor«lambort Research Inst., Morris Plains, N.J,
PD Dr. Ro D, Wastland, Parke Devis snd Company, Detroit, Michigzn
L University of Chicago Toxicity Laboratory

Recults

Prelininary toxicity studies. In order to determine the maximum safe
dose for use in the radiabion studles, it wes necessary to obtain an approximate
LDyn for the varicus compounds, Accordingly, small groups of mice were injected
intraperitoncally with increasing dosage levels of each compound, and the re-
sulting mortality was recorded for a period of one week. The results of these
toxdeity tests are shown in Table 2,

Evaluation of eompounds for radioproisctive sctivity. Since the x-ray
dose of 700 r used Lor thees studias produces JOUS mortallty within a period of

two weeks, a compound iy comsidered to exhlbit significant radioprotective ac-

tivity 1f it increaves the STgo Ry over five daye or if it pernits any of the

treated animals to purvive for 30 days alter the x-ray exposurs, The results

of the radiation studies may be sean in Table 2, Included are the name, mumbor

and strugtursl formiise of each of the compounds, the vehicle used for both the

toxicity and radicprotective studies, the increase or decrcass (in days) in the ) :
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TABLE 2

ACUTE INTRAPFRITONEAL TOXICITY AND RADIOFROTECTIVE ACTIVITY
OF VARIQUS CHFMICAL COMPOUNDS IN MALE O?l MICE

Tod oity Radiation Studies
Name and Formula of
, USAF No. and Vehicle .
Used for Toxicity and Approx,’ Dose
Radiation Tests LDgp in
RgR.

in
/xgm. | ngm. /igm,

Change in | Mortality
ST¢o in jat 30 Days
gayu After X-ray

Glutathione (glutamyl-cysteinyl-
glysine)

AL-1 (H;0) 7100 50 0 10/20
0 o0
i &
HOOCEHCH, CH, CNHCHCNHCH , COOH
M2 gz ’

Glutathione (63.57%)-ascorbate
(36.43%)

AL=2 (H,0)

?':m f
uoocﬁzmzcne g:cuﬂalzcow
2
§H 100
+ 7100 50
0= —=}

4+ &
=r
)
g
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TABLE 2--Contifiued

Toxioity Radiation Studies
Name and Formula of
Compounnd, USAF No'. and Vehicle '
Used for Toxicity and Approx. Dose Change in| Mortality
Radiation Tests ﬁo in in STeo in | at 30 Days
o/kgn. | mgm. /kgmo gm After X-ray
Clutathione-ascorbate (one part
glutathione to ten parts of
vitamin C) yio - | 1R 2 igﬁg
Al~3 (}120)
Glutathione nscorb?te with
celcium phytate (calcium 100 . 1010
magnesivm inomitol hexa- 7100 50 - g 10710
phosphats)
ALl (Hy0)
(Cartoxymethyl) trimethyl ammonium
N-acatyleL=gyatsinate
#J-k (507540 0
(5075-40) (8,0) I 1000 0 10/10
¢ 7L 500 0 10/10
HSCHz?l '==»——-—-=GOON‘\'=-CH3
V\‘ -
NHC-CHy ﬁ CHy
CH»CCCH
6~7~Dihydro=3-methyl-SH~imidawo
(2,1v)thissclium chloride
CHy == S 25 w1 10/10
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TABLE 2~--Continued

Toxicity Radiation Studies
Name and Formuls of
Compound, USAF No. and Vehicle
Used for Toxioity and e Approx, Dose Change in | Mortality
Radiation Teste Lo in in ST¢o in |at 30 Days
ngh. /kgn. | mgn./kgmo 521- After Xoray
Sodium beta-sulfopropionitrile
Ccr-19 (H,0)
500 -1 10/10
H 3 »1000 300 -2 10/10
n-a:-c-c =N
L (Na salt)
DBC Powder No, 2
vI-1 (H,0 50 +3 9/10
Hy0) 100 26 +3 10/10
(A biguanide Phenformin deriva-
tive)
DBB Powder No, L
- 50 +2 10/10
(A biguanide Phenformin deriva-
tive)
DBV Powder No, 6D
V1-3 (Hy0 100-200 100 +5 9/10
3 (Hg0) 50 +3 10/10
(A biguanide Phenformin deriva-
tive)
DEMU Powder No. 8
100 +2 10/10
VI (H,0) 100-200 50 +1 10/10

{A biguanide Phenformin deriva-
tive)
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TABLE 2-~Continued

Toxicity Radiation Studies
Name and Formula of .
Compound, USAF No, and Vehicle
tsed for Toxiclty and Approx, Doso Change 1;:1 Mortality
Radiation Tests Lbgo in in ST¢o at 30 Days
ngh. /kgm. | riga. Slegm. gayw After X-ray
DBECT Powder Ho., 1R
: 200 +11 3/5
VI=5 (H,0) 200--300 100 + 2 10/10
5] v 2 9/10
(A bipuanide Phenformin deriva
tive)
Phenfornin HC1 No, 9113
beta-phanethylbiguanic 100 ~ 2 L/
( Phonethylbiguanico) 100=200 50 w1 15/10
vIi-6 (n20) ] +1 10/10
lt« CHZCthh(‘ ~NHCI\H2 "HCL
\ M
1-(1~Pyrrolidinocyclo-hexyl)-
nathyl thiosulfuric acid
(Zwittoerion)
031 (I-179) (Ho0)
2 100-200 100 + 2 5/6
CHy~5504” 50 0 10/10
> v
N A
-
) ' 200 0 10/20
- 100 e 1 6/'6
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TABIE 2--~Contimued

Toxiolty Radiation Studies
Name and Formula of
w. USAF No. and Vehicle .
LIS e | Br (e ey
on Tes 8 ys
ﬁo/m nen. /kgno 521' After X-ray
300 +2 hﬁ
PD-35 (K,0) 500 100 ) 10/10
50 +2 10/10
. 00 +h 6
PD-37 (H0) 500-1000 300 .2 10/10
25 .2 10/10
PD-47 (Hy0) 25-50 10 +3 10/10
¢ _ S 0 10,10
PD-18 (110) 5-10 2 3 Ty
1000 0 10/10
PD-75 (H,0) > 1000 500 -1 10/10
: 500 -1 10/10
PD-76 (H,0) 5001000 300 o3 10/10
. : 00 21 0
PD-77 £ F0) 500-2000 goo A 1’5;110
PD-78 (Po) 300-500 e 23 13%3
FD-19 (PO) sooao0e | 3% ¢ % e
100 -3 10/10
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TABIE 2--Continuad

Toxisity Radiation Studies
Name and Formula of
Compound, USAF No. and Vehicle ,
Used for Toxioity and Approx. Dose Change in ! Mortality
Radiation Tests Lo in in S‘rgg in |[at 30 Days
ngh. /kgme | mgmo/kgmo y® | After X-rgy
00 +1 10/10
FD-62 (F0) 300-500 o i oA
" 50 o 1 10/10
25 () 10/10
PD-98 (H,0) 25-50 10 -3 10/10
2-Methyl-l,)i-naphthoguinone
(menadione)
EX-5185 (F3) (aleo B-140)
" [ 50 bd 5 1o/ 10
50 25 “? 10/10
N,N-Dimethyl-p-phenylone~
diamine dihydrochloride
EX-T423 (320)

25 +2 10/10
25450 . 10/10
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TABIE 2--Continued

Toxioity | Radiation Studiss
Reme and Formula of ‘
Compound, USAF No. and Vehiole
b Aoy Il oy gy A
e i 50
ngh./ken. | ngn./ign. | gm After X-rey
@E-10 (37961) (H,0) . 300
-comploxed -3 10/10
HOOC CHCo0 - | with CaCly 5
B COP LS LAY | (0:6-1.0)
008 CipCO0R 30 0 10/10
with MOO3
ol I T
)30303 - complexed -1 10/10
. | with CaCl,
0 with 200 '
1 -3 10/10
300_550, with NaHCO,
200
with NaHCOsf =1 10/10
CaCl, pre .
ae-11 (38306) (Fo)
- 2 10,
50-100 gg -2 10//113
2,6-bis=(diethanolamino)- -
li, 8-dipiperidino-pyrinide-
(5,4=d) (Persantin) ‘
CE-12 (F0) 100 -1 10/10
O | | 100=200 0 -1 10;110
‘ /CH2CHZ0H
HOCHaCHa, . _L:I;). NCHCHo0H
HocHpCHY O
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TABLE 2-=Continued

Radiation Studies
Name and Pormula of " : :
Compound, USAF No. and Vehicle Treatmert™
Used for Toxicity and ) Dose Change in | Mortality
Radiation Tests in STeg in | at 30 Days
mgm. /kgno s | After X-ray
1 days
pre 700 © 200 +1 10/10
8 days
pre 700 r 200 -3 10/10
Wi-1 (WXa 31L48) 3 days .
An extract of high molecular "
weight bacterial lipopoly- days
sacoharide pre 700 r 50 -1 1:0/10
8 days
pre 700 r 50 -1 10/10
3 days
ot | % | o | 0

#Doges, ooncentrations and time of administration were suggested by
Dr. Swarts. :
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8{28 of the treated mice in comparison with that of the sirmltanecusly irradi-
a controls and the mortality at 30 days after the x-ray exposure.

Since glutathione has been shown to be dn effective radioprotective
agent in mice, it was of interest to evaluate preparations which were comprised
of either glutathione alone and glutathione in variocus combinations with
asoorbic acid and calcium-magnesium phytate. In Figure 1 it may be seen that
when glutathione (AL-1) was administered at a dosage level of 100 mgm./kgm.
prior to a lethal dose of x-irradiation, 10X of the mice survived for 30 days.
Lowering the dose to S0 mgm./kgm. resulted in loss of the protective effect.
When glutathione was given in combination with ascorbic acid (63.57%-36.L3%)
(Al=2), protection was also obtained. Both doses of AL-2 were beneficial with
10% of the mice surviving for 30 days after irradiation. The combination of
glutathione and asoorbic acid in a 1l ratio (AL-3) showed no protection and
the nddi:ioniof CaMg inositol hexaphosphate to the combination (Al-kL) likewise
wap ineffaective.

Six biiumdn derivatives, including { -phensthylbiguanide (Phenformin
hydrochloride)(VI-6) were evaluated in the present studies. All of these com-
pounds are oral hypoglycemic agents. Figure 2 shows the rasdioprotective effect
obtained when VI-1 and VI-3 were administered prior to a lethal dose of whole
body x-irradiation in mice. Ten per cent of the animals survived for 30 days
vhen 50 mgn./kgm. of VI-1 and 100 mga./kgi. of VI3 respectively were used. A
lower dose of 25 mgm./kgm. of VI-1 and 50 mgm./kgm, of VI-3 increased the STg
but did not permit any of the animals to survive the 30-day post-irradiation
riod, VI-5 was administered at three dosage levels since the highest dose
200 mgn./kgm.) was quite toxic as evidenced by the death of five of the
treated mice immediately following radiation. Of the five animals which were
left, however, two survived for 30 days. No protection was seen when 100 mgm./
gn, of VI-S was administered, but SO mgm./kgm. of this compound did proteot
(10% 30-day survival). Mgure 3 shows the results obtained with these agents.

Bunte salts have been found to exhibit beneficial effects against the
lethality of whole body x-irradiation in experimental animals and compounds of
this type are of interest in our program. In the present studies l-(l-pyrroli-
dinocyclohexyl)-methyl thiosulfuric scid (UI-l), was adninistered at dosage
levels of 100 mgm./kgm. and 50 mgn./kgm. respectively. Only the higher level
was protective, but four of the ten mice given this dose succumbed immediately
following the x-ray exposure. One of the four remaining mice lived for the

30-day period (Figure 3).

Sinoe clearance has not yet been obtained for the next group of fifteen
oompounds, the names and structures of these agents are not listed, Of these
fiftesn compounds, five were radioprotective. Pigures L, 5, and 6 show the
extent of this protection graphically.

7 shows the effect of administering an extract of high molecular
weight bacterial lipopolysaccharides to mice at wvarious times before an exposure
to a lethal dose of whole-body x-irradiation., The doses, concemtrations and
time of aduinistration for these siudies were suggested by the plier on the
hesia of preyious work (3). WL-1 was given at doses of 20C mgm./kgm. and 50
ngn./kgn. respectively and at 1li, 8, and 3 days prior to the x-ray exposure o
that the resistance-increasing activity of the lipopolysaccharides toward levan-
" enhanoed peritoneal injections in the mouse might be utilized to minimize the
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thiosulfuric acid (UI-1) on survival of mice irradiated with 700 r of whole
body x-irrediation, ’
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deloterious effects of radiation injury. Using these experimental conditions
no radioproteotive effect was evident; in fact, the STgo of the treated mice
was shortened vhen ocompared with that of the control mgmh, and none of the
nmice survived for the 30~day post-iadiation period.

Chlorophyll (UCTL-21) extracted by a process which maintains the
natural plant pigment entities in their undenatured form was tested for
possible beneficial effects against the deleterious action of whole-body
x=irradistion, For these studies various doses of UCTL=2]1 were administered
intraperitoneally before and after a lethal exposure of 700 r. Pigure 8 shows
the results obtained when 10 mgm./kgm., 20 mgnm./kgn. and 100 mgm./kem. respective-
ly were given to mice which were subsequen x-irradiated ten mimutes later.
It may be seen that in one instance 10 mgm. o of UCTL~21 protectsd 307 of
the mice for 30 days aftcr the radiation exposure and 100 ngn./kgn. of UCTI-2A1
protected 208 of the mice for a similar period. Figure 9 shows the results of
administering UCT1~21 after radiation, both as a single dose and chronically.
An immediate post-irradiation injection of 10 mgm./kgm. allowed 10% of the
mice to live for 30 days. When 30 minutes elapsed between the x-ray exposure
and the administration of the chlorophyll, no beneficisl effect was apparent.
Chronic injections of 10 mgm./kgn. for five days following the x-ray resulted
in a 30-day survival of 10% of the mice, Increasing the chronic dose to 100
ngm, o not only decrsnsed the protective effect but also shortened the
lives of the treated snimals.

In a previows stwdy (1) the control growp for a series of compownds
given chronieally prior to radiation exposure consistsed of ten maole mice given
propylene glycol daily for four days prior to the x-ray exposure. Four of
these propylene glycol treated mice survived for 30 days after the lethal x-ray
exposure and since propylene glycol has only & very slight protective effect
vhen given acutely prior to x-ray exposure (10f or less for 30-day survival),
it was of interest to confirm the spparent radioprotective effect of chronic
adninistration of this agent., For these studies ten male mice were given 0.5%
of their body weight of propylene glyecol daily for four days and four hours
after the last injection they were exposed to 700 r of x-irradiation. The re-
sults of these studies are shown in Figure 10 where it can be seen that the
protective offect of this treatment has been confirmed. It is planned to ex~
tend these observations and to investigate the effect of chronic administration
of other glycols on radlation lethality in mice.

2-Mercaptoethylamine (MEA) is used extensively in this and other labora-
tories as a standard radloprotective agent, Mice treated with thias agent are
included in almozt every series of radiation protection studies to deteoct vari-
ations in the quality of the animala, their post-irradiation care and in the
various radlation factors. Over the years ths MEA used for these studies has
been obtained from a wvariety of sources and it was of interest, therefore, to
compare aamples from several of these sources for protective aotivity. MEA
from three sources was used for these studies in which groups of mice were
given a relatively low dose of MEA (225 mgmo/kgn. intraperitoneally) prior to
the administration of 700 r of whole-body x=irradiation. The low dose of MEA
wap used for theses studies in the hope that any differences in protective ac-
tivity might be more evident, The first sample of MEA was obtained from the
General Biochemical Company and is a part of the lot which is currently in
use for most of the programs underway in thias laboratory. The second sample
is one of severa) obtained from the California Biochemical Corporation and was
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Figure 8. Effect of chlorophyll (UCTL-21) on survival of mice
subsequently irradiated with 700 r of whole-body x-irradiation,
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selected because it appeared to be slightly less soluble than most of the

other samples of this agent. The third sample was a technical preparation of
MFA obtained fram Esustman Xodak Company. The results of these studies are
showm in Figure 11 where it can be seen that 60% of the mice treated with the
Qeneral Biochemical Company sample of MEA survived for 30 days after the radi-
ation exposure, whereas only 10% of the animals treated with the sample obtained
from California Biochemical Corporation survived for a similar period. There
were no survivors in the group of mice which were treated with the same dose
of MEA obtained fram Egstman Kodak., Since -animals treated with each of the
three samples of MEA vere irradisted simmltaneously, it is unlikely that these
differences can be attributed to variation in the radiation dose. It is also
unlikely that the differences are due to variation in the animals since the
mice were all selected from a single shipment and were housed together follow-
ing the radiation exposure. We have previously obtained protective effects
with the samples of MEA obtained from California Biochemical Corporation and
Eastman Kodak when they were administered at higher dosage levels so that the
ssmples are not simply mislabelled. No attempt was made to purify any of the
three samples used for these tests and the results probably reflect the differ-
ences in purity between the samplee.

Summnary

The present report oontains the results of toxicity and radioprotective
evaluation studies on thirty-four additionil chemical compounds in male CFy mice.
Eleven of these compcunds were found to exhibit significant radioprotective ac-
tivity in that they reduced the 30-=day mortality of the x-rayed mice. The most
nmarked effect was obtained with PD-77 which allowed 60% of the mice to survive
for 30 days after an otherwise lethal x-=ray exposure. Two compounds protected
L4O% of the mice in a similar manner. They were VI-S, a biguanide derivative of
Phenformin, and PD-37. PD-35 protected 20% of the x-rayed animals against the
30-day mortality and & bunte zalt, l-(1l-pyrrolidinocyclohexyl)-methyl thio-
sulfuric acid (UI-1), protected 17%. The rest of the compounds found to be ef-
fective in these tests produced a 30=day survival of 107 of the mice given the
whole-body x-ray exposure of 700 r. These compounds were: glutathione prepa-
ratgom, AL-1 and Al-2; Phenformin derivatives, VI-1 and VI-3; end FD-78 and
PD-82,

An extract of high molecular veight bactarial lipopolysaccharidas was
adninistered to mice &t various times prior to a lethal dose of x-ray using two
different dosage levels. No protection was seen with any of the treatments used.
An extract of chlorophyll was administered acutely before and after and chroni-
cally after an otherwise lethal dose of whole-body x~irradiation. Premedication
with this material was effective in protecting 30Z and 20% of the mice for 30
days when administered at dosage levels of 10 mgm./kgm. and 100 mgm./kgm. re-
spectively. The post-trsatment was effective when 1O mgm/kgno was given either
immediately following the x-ray exposure or when it was given chronlcally.

Propylene glycol waa given chronically for four days prior to 700 r of
vhole body x-irradiation and found to be protective to iOZ of the mice so pre-
treated. . ' .

Mercaptoethylamine hydrochloride, obtained fram three different sources,
was compared for radioprotective activity. Sixty per cent of the animals given
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the compound obtained from Gensral Biochemical were protected against the
lethal x-ray expocure while the compound obtained from California Biochemical

protected only 10% of the mice and the Eastman Kodak product exhibited no pro-
tective activity.
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PHARMACOLOGICAL AND TOXICOLOGICAL COMPOUNDS AS PROTECTIVE (R
THERAPEUTIC AGENTS AGAINST RADIATION INJURY IN :
EXPERIMENTAL ANIMALS

II. The Effects of Pre-irradiation and Post~-irradiation Adeinistration
o e a rt on ation Le 08

Jo Dilley and J. .Doull

This report concernss The survival time and mortality in male and fe-
male CP; rice trea varying doses of oyanide prior to whole<body x-ray
exposure and the therapeutic effectiveness of cyanide, 2-imino-thiasolidine-
Li-carboxylic acid, l-cystine, l-cysteine, potassium chloride and 2,2'-dithio-
bis (ethylamine) given 30 mimutes after lethal whole-body xz-ray exposurs in
mice.

Immedicte or ultimate application of the results: To obiain infor-
mation concerning the mechanisms(s) responsible for the radioprotective effects
of cyanide and related compounds and, as a result, to cbtain a batter under-
standing of the bioclogical effects of ionising radiations., These studies con-
stitute a part of a program designed to obtain information concerning both the
toxic and protective sffacts of the currently svailable radioprotective ageats.
Thie type of information is essential for the evaluatisn of tho potential use-
fulness of these agents and for the develorment of new agents or combinations
of agents,

#* % % 3 3 N

In previous studies (1,2) we have demonstrated that gyanide will pro-
tect mice against lethal coses of whole-body x-irradiation when given at dosage
levels approaching the maximum tolerated dose immediately prior to the radiation
exposure. In these studies 1t was also obgserved that a natural metabolite of
cyanide (2-imino-thiazolidine-l~cartoxylic acid) appeared to exhibit therapeutic
effects against radiation lethality when it was given 30 minmutes after radiation
exposure. These obpervations have been extended and a variety of other possible
metabolites and unreacted producte have been tested for therapsutic activity
against radiation lethality in mice and the results are presented in this re-
port.

Materials and Methods. Adult, male Carworth Farms CF) mice weighing be-
tween 20 and LU grams and adult, female Carworth Farms CP; miGe weighing between
20 and 25 grams were used for these studies. Ths control and experimental
animals were selected from single shipments, houssd in groups of not more than
ten animals per cage imr an air-conditioned room (78° to 85° F.) and fed and
watered ad libitum. Aqueous solutions of the compounds were freshly prepared
Just prior to use and ware injectsd intraperitoneally in a volume which did not
exceed 1% of the body weight. .

b
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The x-=ray axposures were given by means of a Keleket X-ray Therapy unit
operated at 250 KVP and 15 ma. with 1.0 ma. of aluminum, 0.25 mm. of oopper and
1.0 om. of lucite added Piltration. The dose rate was determined prior to each
exposure by means of a 250 r Victoresen Ionization Thimble in air. All of these
studies were carried out at a dose rate of about 235 r g:r minute to insure that
the irradiation period would be as short as possible. th the control and the
treated animals were irradiated simultansously and the weight and mortality
within each group was followed for 30 days or until the death of all of the mice
in each group had occurred.

Results

Deternination of the optimal dosage level of cyanide for maximal radio-
protective effacts an e mice. P ous 8 Y] wag Obw
served that an Insreased radioprotective effect (greater mmber of 30-dey sur-
vivors) was obtained when the dosage lovel of oyanide (as HON) was increased
fram 2.0 t0 2.25 ngn./kgm. It was of interest, therefore, to detecrmine whether
the protective effect of this agent could be further increased if the dosage
level was increased to near the LDzg level for oyanids. For these experiments

ups of ten animals were injected with .25, 2.5C or 2.75 mga./kgm. of oyanide

as HCN) four minutes prior to the administration of various doses of whole-body
x-irradiation, The control animals for these studies were given rable
amounts of the vehicle (water). Potassium cyanide (Mallinkrodt, 96%) was used
for these studies and the agent wvas given intraperitoneally in a volume equal
to 1% or less of the body weight. The results of these studies are shown in
Flgures 1 through 8. The effect of the various doses of cysnide on the esur-
vival of x-irradiated female mice are summarised in Pigures 1 through L and
the results of similar studies in male mice are shown in Figures 5 through 8.
It can be sesn in Pigures 2, 3, and L that the greatest mmber of animels eur-
viving the lethal x«ray exposures were secen following the administration of
2,25 mgn./kgm. of oyanide. At this dosage level 75% of the animsls exposed to
900 r survived for 30 days after the x-ray exposure whereas only 25% of the
mice given 2.5 mgm./kgm. of cyanide survived for a similar period. The femsle
mice treated with 2,75 mgm./kgm. of cyanide prior to the 900 r x-ray expogure
exhibited a 30-day survival of only 12.5%. In contrast to these results, the
maximum radioprotective effoct in male CPy mice exposed to lethal doses of
whole-body x-irradiation occurred when the cyanide was given at a dosage level
of 2.5 mgm./kgm. In the mice given 950 r of whole-body x-irradiation, there
was a 30-day survival of LOf in the group protected with 2,50 mgm./kegm. of
cyanide whereas tho administration of 2.25 or 2.7 mgm./kgn, of cymaide pro-
duced 30-day eurvivals of only 20% and Of respectively. Although the differ-
ences in optimal dosage level for the male and female animsls are not marked,
it appears from these studies that the optimal radioprotective dosage level
of cyanide is somewhat greater in male than in female mice. We have previously
shown that the approximate. L for cyanide {n male and female mice is sbout
3.25 mgn./kgm. (as HON) and thit there is little difference in ths toxicity of
‘this agent to male and female CF mice. It 1s evident from the present studies
that the radioprotective effesct of cyanide is not directly proportional to the
administered dose of cyanids when doses near the LD, are employesd. None of
the animals given the cyanide in the present studisk died as a rosult of cyanide
wxicibyo
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2, Survival time and mortality in CF; female mice given
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Figure 3, Survival time and mortality in CFy female mice given 2,50
miom/l%:- t:yunido prior to the administration of various doses of whole-body
X ation.
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Pigure 5, Surviwl time and mortality in CF, male mice given vari-
ous doses of whole=body x-irradiation,
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Pigure 7. Survival time and mortality in CF; male mice given 2.50
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body x-irradiation.
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Exanination of the surviwal data for the male and famale mice given
the optimal dosage levels of cyanide in the present studies suggests that the
approximate LD&&N days) for whole-body x-ray exposure in these animals 1s
abowt 950 r. other studies conducted with similar groups of animals the
Ligy (30 days) for untreated CFy mice is between 450 r and 500 r. It is evi-
denit, thersfore, that the dose reduction factor (IRF) for cyanide under optimel
conditions anproaches 2 in CF] mioce and that its effestiveness tims is oompars-
ble with that of the vest chemical radioprotective sgents now available.

The effect of p diation administration of 2-imino~thiasolidine-

. 0 . DO T y 3 o
In = ac ® s
0 b cyanide, it was of interest to investigate this
oompound for redioprotective activity. In previous studies (1) we found that
the pre-irradiation administration of the thiasolidine derivative at a dosage
level equivalent to about 50 mgm./kgm. of cysnide increased the 30-day survival
of x-rayed mice from Of to as much as 60%. The optimal time for administering
the thissclidine derivative was found to be 30 minutes prior to the radiation
exposure. During these studies it aleo becams spparent that this compound ex-
hibited the unique oapability of protecting mice against the lsthal effects of
radiation axposure when 1t was given after the exposure was completed. Subse-
quent studies (2) demonstrated that the interval between the end of the radistion
exposure and the adminigtration of the thiasclidine mixture was fairly oritical
in that protective effects were maximm at 30 minutes and decreased sharply vhen
the derivative wvas yiven at either 1 or 60 mimites after the radiation was ad-
miristered. The ability of thig campound to reduce radiztion lethality when
glven port-irradiation has been investigated further in female animals and also
in male miocs 4n the present study. Since the thiasolidine compound has not ss
yet. been 1solated and purified, the posesibility cannot be excluded that the pro-
tective effeats obtained with the impure material used were due in part to un-
oombined reactants or to the formation of other products. To investigate this
possibility we have administered comparable amounts of cyanide, cystine, po-
tassium chloride and cysteins to x-irradiated mice at various intervals follow-
ing the radiation exposure. Similar studies have also been carried out with the
dimer of mercaptosthylmmine because of its structural eimilarity to both the
reactants and produsts involved,

The effect of 2-imino-thiasolidine-l-carboxylic acid given 30 mimutes
after radiation exposure on ths surviwal time and mortality of x-rayed female
snd male CFy mice 1s shown in Figures 9 through 12, For these studies the
2-inino-thiasolidine-i-carboxylic acid was preparsd as described previcusly
(1,2) and was given at a dosage level of 750 mgn./kgnm. (assuming a complete
reaction between cyanide and cystine in a 1 to 2 molar ratio) intraperitoneally.
Male or female mice (16 animels per group) were exposed to each of the various
radiation dosage lavels and 30 minutes later half of the snimals were injected
with the thiasolidine mixture and the remaining mice given comparable smounts of
water., The results obtained with the female mice are shown in Figures 9 and 10
and those for the male mice are shown in Pigures 1l and 12, Although the
thiazolidine mixture is not as protective when given after ths x-ray exposure
8s vhen given prior to the irradiation, theye wvas a significant therapeutic ef-
feot in the groups of animals given each of the rediation dosage levels in the
range of SO0 r through 700 re It is evident from these studies that the post-
irredistion adminigtration of the thiasolidine mixture incressed the wso for

irra
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9. Surviwl time and mortality in CFy female mice exposed
to various doses of whole-body x-irradiation. (The mumbers in paren
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Pigure 10. Survival time and mortality in CFy female mice given 750
ngn./kga. of 2-imino-thiasolidine-li-carboxylic acid 30 mimutes after the ad-
ministration of various doses of whole-tody x-irradiation. (The numbers in
parentheses indicate the mmber of anisals per group.)
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xerayed female mice from less than 500 r to about 600 r giving a doss reduction
factor of over 1.2, In the male mice given the thiasolidine mixture, the pro-
tective effects were less evident (Figures 11 and 12). Although the mmber of
30=dsy survivors wag increased by sbout 20% in the group of animals given SO0 r
and subsequently treated with the thiasolidine mixture, 1little or no protection
r radistion doses. The males

) and very likely developed
some anoxia during the x-ray exposure because of the confinement. Additional
studies sre in progress using smaller male mioce and a wider spectrum of radi-
ation dosage levels.

In previous studies in which cyanide has been used to protect mice
against radiation lethality, it has been observed that when the x-ray exposure
is given rapidly (600 r per minute) the symptoms of anoxia (oysnosis, respira-
tory depression) do not reach maximum until after the x-ray exposure is over.
It was of interest, therefore, to investigate the effect of cyanide given at
various intervals after the radiation exposure. Oroups of eight female mice
were used for these studies in which 2.5 mgn./kgm. of qyanide was aduinistered.
at 1, 10, 20, 30, L0, SO, or 60 minutes after an x~-ray exposure of 700 r. Two
additional groups of mice were giwen the same dose of x-ray. One of these was
glven water rather than the cyanide and served as the control group and the
second group was given the cyanide trestment at four mimtes prior to the x-ray
expogure to ingure that the cyanide dosage lewvel used in these animsls was pro-
tective, The results of these studies sre summarised in Figure 13, The only
group of mice which exhibited 30-day survivors when the cyanide was given after
the xeray exposure was the group treated at 30 mimutes after irradiation. When
the cyanide was given prior to the x-ray exposurs, all of the miocs survived ths
X=ray exposure. Seversl of the groups which were treated at other intervals
after the x-ray exposure exhibited some prolongation of the median survival time
tut this wvas rsther variatle and did not sppear to be related to the time of
adainigtration.

In an effort to deternine whether post-irradiation therspeutic effects
might be obtained with any of the other reastants or products of the thiasoli-
dine mixture, groups of eight male mice were given lgg:und 560 mgn./kem.),
1-cysteine hydrochloride (280 mgm./kgm.), potassium ride (370 mgn./kgn.),
or 2,2'-dithio-bis(ethylens amine) dihydrochloride (300 mgn./kgm.) at 30 minutes
following the administration of x-ray doses of S00 r through 700 r. The results
of these studies are shown in Figures 1k 17. Since these studies were
carried out at the same time as those previ described for the thiaszolidine
mixtures, the control animals for the thiasolidine groups were not repeated. It
oan be seen that none of the agents included in these tests exhibited significant
therapeutic effects against radiation lethality in male CF; mice under the oon-
ditions of the present studies. .

Discussion

The results of the studies reported here concerning the optimal dose of
eyanide that affords protection at higher doses of x-ray is of interest in regard
to the possible mechanisms of cyanide protestion. The protective effest of cysnide
1s frequently considered to be dus to the anoxia which it produces. If this were
the 3ole mechapism of protection thep it woyld segm reasonable to expect that the
greater the dose of cyanide the greater would be the protestion afforded,
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Figure i, Survival time and mertality in CF; male mice given 560
agn./kgn. of l-cystine 30 minutes after the administration of various doses
of whole-body x-irradiation,
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after the adninistration of various doses of whole-tody x~irradiation.




Ultisately thes, one might wall expect a minimum lethel dose of.cysnide %o be
oequally as protective agsinst the lethal effects of irrediation as is the maxi-
mm rable amount of ancxia alons., However, in the present experimente it
soems that the optimal dose of cyaaide is scmewhat below the minimm lethal dose.
and furthermore that the protective effects are > 1lost at higher doses.
Itum'::nbly that exoes d :

é
a

The results of the present studies support our previous finding (1)
that cyanide may offer some protection when adminigtered to mice at an interval
of 30 minutes after exposurs to lethal doses of whole-body x-ray. In a previous
report (2) we presented evidence that 2-imino-thiasolidine-li-carboxylic acid vas
also effective when given 30 minutes after whole-body x-rey, and the studies
presented in this report support this finding. It would seem then, that this
is an effect which ocours at a rather specific time in the sequensce of events
following irradiation exposure which leads to the demise of the animal. This
oritical time period might wull be responsible for much of the difficulty that
others have experienced (6) in an effort to find therapeutic agents sgainst
lethal doses of radistion.

The possibility exists that the therapeutic protection obtained thms
far is mostly of a palliative nature. However, the protection obtained with
cyanide and 2-imino-thiasolidine-l-carboxylis acid would seen to be more chemi-
cal than biological since the time interval between irradiation and injection
of the ocompound is s0 specifie. Furthermore, by waiting for an additional 30
nimites all of the protective effects are lost. These findings suggest that it
might be of valus t0 investigate these ensyme systems which are responsive to
the presence of cysnide or involved in ita detoxification. At present we are
conducting studies on the transsulfurase entyms system, which is involved in
the mejor detoxification of cyanide. It might also be of particular interest
to again investigate those areas in the elsotron transport chain which are
particularly sensitive to ayanide inhibition, and experiments are now planned
which should enadble us to do this, : '

In the preparation of the 2«imino-thiazolidine-L-carboxylic acid for
these studiss the compound was not purified before uses. Therefore, other come
pounds were no doubt present in the injeoted solution. It is for this reason
that we inocluded several of these other compounds in the present test. In the
original studies of this reaction Schoberl and Hamm (5) obtained a 35% yield of
the caloulated amount if the reaction were 100% oomplete. Later studies by
Wood and Cooley (3) resulted in a 66% yield tut with a contamination by the
formation of some cysteine and in acid solution the formation of cysteins
hydantoin., While our principal contaminants were probably cystine and cysteine
we have now proceeded with the purifiocation of the compound in order to verify
that this is the active agent. From the results which we obtained with oystine,
cysteine, and KCl 4t seems highly nnlihl.y‘thlt. they contributed anything to
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the survival of the post-protected animals. While there may be some post-

protection afforded by cyanide it is not likely that there was a sufficient
quantity prescnt becsuse of the reduction in toxigity of the mixture. The

MEA dimer was included in this set of axperiments to ses if the presence of
s dimlfide would demonstrate any protection under these experimental con-

ditions. PFurther studies are planned or are in progress in an effort to de-
termine the semsitive site(s) where the thiasolidine mey be acting to produce
this therspeutic effect.

Somery

1. An optimal dose of potassium cyanide equal to 2,25 mgm./kgm. of HON and
2.50 ngn./kgu. as HCW has been found to afford maximum protection against
higher doses of x-ray in female and male CF, mice respectively. Higher
bt non-lathsl doses seemed to cause diminubion of the protective effect.

2. An unpurified mixture of 2-imino-thiasolidine-li-carboxylic acid has been
shown to protect female CFy mice against lethal doses of whole=body x-ray
md the apparent dose r tion facter is about 1.2 based on these studies.
Farther studies are in progress in an effort to determine the mechanim(s)
responsible for the effect.
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PHARMACOLOCICAL AND TOXICOI.DOIC!\L COMPOUNDS AS PROTECTIVE R
THERAPEUTIC AGENTS AGAINST RADIATION INJURY IN
EXPERINENTAL ANIMALS :

III. The Effect of Chemical Protection on Life-Span Shortening
- In X-Irradiated Kice '

J. Doull, V. Plsak and J, Cowan

. This report ooncerns: Life-span shortening and other delayed effects
in female c8 given various chemical radioprotective agents prior to
aoute whole—%ody x-ray exposures of L0O r, 600 r, and 800 r.

Immediate or ultimate application of the results: Information is
needed regarding the effects of %:EESI radloprotective agents on the de-
layed sequelae of acute radiation exposure. Since different radioprotective
agents exhibit significant variation in their ability to prevent the various
phases of the acute radiation syndrome, it is likely that they also exhibit
differences in their ability to prevent the various delayed effects of such
exposure. A better understanding of the capability of each agent to protect
against both the acute and delayed aspects of radiation injury should be of
value in the selection of agents for further investigation and should con-
tribute substantially to progress in elucidating the mechaniams responsible
for these effects.

L3R 2R I OE 2R 2K R

Virtually all of the extensive effort which has been devoted to the
development of chemical radioprotective sgents during the last decade has been
concerned with preventing radiation injury during the immediate post-irradiation
period. Prom these studies it is now apparent that there are btoth qualitative
and quantitative differences in the response of the various mammalian systems
in animmls given radioprotective agents. Although these differences may be
due in part to variation in the penetrability of the agents into radicsensitive
sites, it seems likely that these differences are more closely correlated with
the variations in the mode of action of the specific radioprotective agents.
The investigation of the ability of various radioprotective agents to reduce
radistion injury to diverse mammalian systems is of value, therefore, in de-
termining not only how these systems contribute to the radiation syndrome but
also why some radioprotective agents are more effective than others against
specific radiation dosage levels. Serotonin (S5-HT) and mercaptoethylamine
(MEA), for example, are both capable of markedly reducing radiation lethality
in xe<rayed mice and both minimize radiation injury in the hematopoietic system
of such animals, S<HT is far less effective than MEA, hovever, in preventing
radiation injury to the gastrointestinal tract and its ability to reduce radi-
ation lethality in mice given supralethal doses of radiation is, therefore,
less than that of MEA, Similar differences exist in the ability of the chemi-
cal radioprotective agents to prevent oral radiation death or injury to the
central nervous system. less is known about the ability of the chemical

7
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radioprotective agents to prevent the delayed or late effects of acute radi-
stion exposure. Such agents have been reported to vrotect against radiation-
induced cataractogenesis (1) and graying of hair (2) but not against the
genetic effects, neoplasia and premature aging from such exposures (3-6).

The present studies were carried out in an effort to obtsin more detoiled
information concerning the ability of the chemical radioprotective sgents to
prevent the delayed effects of acute x-ray exposure. Uroups of female mice
have Leen given radioprotective agente at dosage levels adequate to markedly
reduce acute radiation lethality and the mortality of these mice was followed
during s period of alout ons year after radiation exposures of 400 r through
830 ro Many of the animals which died during the course of these studies
bave been autopsied and the tissuss prepared for histological examination.

In addition mice {rom each of the groups have been sacrificed at various
intervala following the x-ray exposures in order that information concerning
the time of onset of the various lesions might be obtained, The present re-
port contains the results of the mortality observations made during the first
year after the xeray exposure and the gross and microscopic pathology for these
mice will be reported subsequently.

Materials and Methods. Adult, female Carworth Farms CF, mice between
9 and 15 weeks of age were used for these studies. The animsls were randomised
and ther divided into five groupe each of which contained four sub-groups of
32 mice. Four of the five groups were given ons of the redioprotective apents
and the fifth group (radiation controls) was given comparasble amounts of water
and irrazdisted simultaneously with the protected animals. The x-ray exposures
were given 15 minutes after the administration of the protective agents and
each of the sub-groups received 0 r (drug eontrols), LOO r, 600 ¢, or 800 r of
whole-body xeirradiation. The radiation dose in the non-protected groups
given 600 v and 800 r was fractionated (200 r every other day) to avoid ex-
cessive mortality. The mortality in each’'group was observed daily during the
first 30 days after the x-ray exposures and at weekly intervals thereafter.
The animals were housed in stainless steel es and raised wire screen floors
(eight per cage) in an sir-conditioned room (80° F, t 3° F.) and were provided
with food (Rockland Mouse Food) and vater ad libitim.

The following radioprotective agents were included in these studies:
2-mercaptoethylamine hydrochloride (CB-4liSl, MEA), p-aminopropiophenone (UCTL~
1856, PAFP), serotonin creatinine sulfate (CB-32, 5-HT), and 2-aminocethyliso-
thiourea dichloride (B-53, AET). All of the compowunds were dissolved in water
except for PAPP which was dissolved in 50% propyleme glycol. The injection
solutions wers prepared freshly and the concentration was adjusted so that the
mice received not more than 1% of their body weight with each intraperitonsal
inJection. The dosage levels used for these studies are shown in Table 1.

The x-ray expocures wers given by means of a G, E. Maximar X=ray unit
operated at 250 KVP and 15 ma. with 0,25 ma. oopper and 1,0 mm. aluminum added
filtration (HVL = 1,01 mm, copper). The dose rate was determined at the be-
ginning und end of each radiation exposure by means of a Victoreen Ionization
Chamber which was placed in an empty mouse holder located in an appropriste
position. In addition the dose rate was monitored during the radiation ex-
posure by means of a Victoreen Roem.g;n Ratemeter (Model 510) provided with a
median energy probe assembly (Model 601). The control and protected animals
were irradiated together in groups of 16 mice contained in individual lucite
tubes (50 co. centrifuge tubes provided with numerous air-holes) which were
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Placed verpendicularly to the central axis of the x~-ray beam on a rotating
turntabls. The envirommental tempsrature of the mice was thermostatically
controlled during the x-ray exposures (80 °F. £ 20 p.).

TABLE 1

NUMBFR OF MICE AND DOSAGE LEVELS OF RADIOPROTFCTIVE
AGENTS EMPLOYED

Number of Mice Surviving at 30 Days

After Exposure
Group Protective Agent
No. and Dosage Level H

uwor | 600 r 800 r

Or
(Drug Controls)

1 2-Mercaptoethylamine 32/32 29/29 | 31/32 | 26/30
hydrochloride
300 mgn./kgn. IP

2 | p-Aminopropiophencne 31/32 31/32 | 30/30 | 29/32
30 mgm./kpm. IP

3 | serotonin creatinine 32732 - 32/32 | 32732 | 23/32
sulfate complex
90 ngm. /kgm. IP |

N 2-Aminoethyliso- 32/32 - 32/32 | 0/32 | 21/32
thiourea dichloride
200 ngm./kgn. IP

1 Radiation controls 32/32 30/32 | 30/38 | 22/L2
(vehicle only) ‘

Results

g the acute (3 .

Z in feasale CF; mice survi
Xposure. » mortality

posed to » » and BOO r of x-irradiation has now been followed for a
period of over 60 weeks and the results of these observations are suwsmarized
in Figure 1. Since the vresent studies are concerned only with the effect of
the cheaical protectors om life-span shortening, the per cent mortality in each
group has been computed on the basis of the number of mice which were surviving
at the end of the first 30-day period aftér the x-ray exposure. It can be seen
in Table 1 that there was an appreciable mortality in the non-protected groups
of mice giveh 00 r and 800 r even though the xeray dose was fractionated and
administered over a veriod of about a week. Thus the two highest dosage level
groups of the non-protected mice represent a selected population and this is

effeots O
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also true to a lesser extent for some of the protected groups of animals.
The mortality data shown in Pigure 1 covers only the period from 20 to 60
weeks after the x-ray exposure, since this period included the median survival
time for all of the groups for vhich we have sufficient dats at the present
time. It can be seen in Pigure 1 thet the median survival time (ST..) for
the control group (non-protected, non-irradiated) was about 50 weeks which
would correspond to about 62 weeks as the actusl average age of the mice at
the time when 50% of the group had died. The age corrected median survival
times for the mice exposed to 40O r, £00 r, and 800 r were found to be sbout
52, 1S, and 36 weels respectively. Thus the life-span shortening for the
non-protected mice given L0 r, 600 r, and 8CO r would be approximately 16%,
26%, and 42% respectively. It would appear, therefore, that the life ex-
pectancy of these animals has Leen decreased by about 5% for each 100 r of
x-irradiation which they received. :

a groups reate

exposures is shown in 2. The control group of mice shown
in this figure were given 5-HT but were not irradiated. It is evident that
the median surviwl time of the mice treated with the 5-HT 1s prolonged sig-
nificantly over that of unirradiated, non-treated control animals (age cor-
rected STgo of 72 weeks as compared with the previous value of 62 weeks). The
correc 50 values for the mice given S-HT prior to the administration of
400 r, 600 r; and 80O r were found to be about 60, 55, and L weeks respective-
ly. If the life-span shortening is computed on the basis of the ST of the
5-HT trcated control group, one obtains walues of about 17%, 22%, afd 39% for
the groups of mice exposed to x-ray doses of L0O r, 600 r, and 800 r respect-
ively. Calculation of the life-span shortening in terms of the ST 0 °f the
non-protected control group of mice, however, reduces the values about 3%,
10%, and 29% for the x-ray dosage levels of ﬁoo r, 600 r, and 800 r respect-
1'.1’0

y prior
to the x-ray

Effect of

: s
y e mice which were given 30 mgn./kgmn, of PAPP
prior to the x-ray exposures. The drug control group (PAPP only) exhibited an
increased median survival time when compared to that of the non-~treated controls.
The age corrected median survival time for the group of mice which were given
the PAPP treatmemt nrior to an x-ray exposure of LOO r was 58 weeks and the
correspon values for the mice exposed to x-ray doses of 600 r and 8CO r
are Ii6 and Ll weeks respectively. Comparison of the survival time of these
groups with that of the untreated control P gives life-span shortening
values of 67, 26%, and 29% for the L0O r,- r, and 800 r groups. Comparison
of these values with the PAPP control group (age corrected median survival time
of 73 weeks) results in life-span shortening values of 20%, 37%, and LOZ for
the three x-ray exposures.

y or gro mice trea prior X-ray ex-
posures is shown in Figure L. The age correctod median survival time for the
non-irradiated mice given the AET was estimated to be about 78 weeks and that
for the animals given the AET prior to the x-ray exposures was 59, L8, and 36

1
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wecks for the groups exposed to LOO r, 600 r, and 800 r respectively. The
life-span shortening in these animals was about 5%, 23%, and 42% when com-
pared to the survival time of the non-irradiated untreated controls and about
4%, 37%, and S4% when compared to the STSO of the AET-treated control group.

Effect of 2-mercaptosthylamine hydrochloride (Hlli on_the 111%0%.
shorten effect of acute whole~ X=p orure in m1ce.
O y <treated groups of 3 Weure 5.

r 8 on

Since the mortality in the control group (MEA only) has not yet reached 30%,
it 1is not possible to estimate the median survival time for these mice tut 1t
is evident fram the results obtained thus far that the valie will probably be
greater than 80 weeks (corrected for age). The mice which were given MEA prior
to the 40O r x~ray exposure exhibited an age corrected median survival time of
about 53 weeks and the group of animals which received 800 r of x-irradistion
following the MEA treatment had a median survival time of about 38 weeks., The
value for the group of mice exposed to 600 r has not been included in Figure 3
since several of these animals died during the early part of the observation
veriod and it will be necessary to repeat the studies at this dosage lewvel.
From these studies the life-span shortening in the mice exposed to the x-ray
dosage levels of LOO r and 800 r was 1L% and 39% on the basis of the untreated
control group,

Discussion
w

The evaluation of radioprotective agents in terms of their ability to
reduce the effective radiation dose is meaningful only when it is recognised
that such dose reduction factors (IRF's) are both time and dose dependent.

The IRF value for radioprotective chemicals is most frequently determined by
the ability of the agent to increase the 30~day LD, value in animals exposed
to whole~body x-ray doses in the range of lLOO r th?gugh alout 1,400 r. Since
the major cause of radiation death in this dosage range and time period is
hematopoietic injury, computation of the IRF on the basis of the 30-day mor-
tality data provides a value which reflects primarily the ability of the pro-
tective agent to prevent injury to the hematopoletic tissues. Previous studies
in this laboratory (7) have shown that the determination of the IRF for
serotonin at six days after radiation was about 1.1 whereas the same animals
exhidbit a IRF value of about 1.8 when the computations are based on thes mor-
tality data 30 days after the x-ray exposure. Thus by computing the IRF values
for a specific protector at various intervals following the radiation exposure,
one can obtain information concerning the ability of the protector to decrease
damage in the tissue or system which 1s contributing st heavily to mortality
during each interval following the radiation exposure. In attempting to de-
termine whether the chemical radioprotective azents are as effective in pre-
venting the delayed effects of radiation exposure as they are against the acute
radiation sequelas, it would be useful %0 be able to compare DRF values for the
two situations. While the range of x-ray dosage levels used for the present
studies is inadequate for this type of approach, it is possible to obtain an
indication of “the effects of the agents by comparing the life-span shortening
in the protected and non-protected groups of mice.

In Figure 6, the life-span shortening data from the non-protected groups
of mice has been expressed in terms of the x-ray dose. Although the results
obtained in the present study suggest that there is a threshold at sbout 150 r,
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Figure 6, Life-span shortening in C!'l female mice
as 8 function of the acute x~-ray dosage level.
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comparable studies from other laboratories (8,9) in which wider ranges of
doses vere used suggest that the threshold is lower if it does in fact exist.
If a linear relationship is assumed to exist for the per cent life-span
shortening in terms of the radiation dose, the results of the present study
would suggest that the life span of CPy female mice is decrensed by about
0.CU7¥ per roentgen of acute x-ray exposure. On the basis of this value the
per cent life-span shortening observed in each of the protected groupe of
mice can be used to calculate the effective dose of radiation which each of
the groups receiwed and this in turn pemits calculation of an anproximate
DRF value for esch protected group, Such calculations are complicated in the
present studies by the increased surviwal of the non-irradiated groups treated
with each of the protective apents., Since the mortality in these groups has
pot yet reached 507, the median survival time of thess groups must be esti-
mated on the basls of limited mortality déta partioularly for the groups
treated with MEA. The results of these caloculations are summrized in Table 2
vhere the data for the MEA-treated mice has been computed on the basis of an
aseumed median survival time of 82 weeks for the non-irracdiated controls., It
is evident from an examination of the age correctcd survival times that none
of the agents tested in these studies were of particular benefit in preventing
the 11%e-span shortening effect of the x-ray exposures. The median survival
time of the mice treated with S~HT, PAPP, and AET prior to an x-ray exposure
vas incressed over that of the none-protected animals by about nine weeks and
that of the mice givenm S5-HT or PAPP before the 800 r x-ray exposure was in-
creased by about eight weeks. In the mice exposed to the x-ray dose of 600 r
the only agent which increased the median survival time was 5-HT. Correction
of these data for the prolonged surviwl time of the non-irradiated control
groups, however, eliminates the protective effect for all of the groups except
those treated with S-HT and given 40O r or 600 r and the mice given AET prior to
LOC rof x-ray. The average IRF for the S5-UT treated animals is about 1.1 and
the values for the mice given PAPP, AET, dnd MEA ere about 0,88, 0.92, and 0.64
respectively, The IRF wvalues for these agents against acute radiation lethality
(30-day survival) are all above 1.5 and it is evident, therefore, that none of
the clemical racdioprotective agents included in these studies, with the possi-
ble exception of S-HT, are effective in preventing the life-spen shortening
effocts of acute x~-ray exposure. in CF, female mice. In the present studies
pre~treantment with MEA and AET ac decreased the life-span of the x-rayed
mice,

The results obtained in these studies are similar to those reported by
Maisin et al, (10) who found that pre-treatment with MEA did not reduce the
life-span shortening effect of 600 r in rats. In these studies the non-irradiated
controls survived for about 18 months and the x-ray exposure reduced the median
surviml time by about six months irrespective of whether the animals were given
MEA or water prior to the x-ray ecposure. The studiss of Mewissen and Bruoer
(6) suggest that neither MEA nor the MEA dimer were eapab&a of preventing the
life~span shortening effects of whole-body exposure to Co“™ gamme irradiation
at dosage levels of 106 r or 550 r. Holleroft et al, (1) have reported that
spleen shielding or the administration of cystelns nlus hyvoxia did not extend
the life-epan of C3H mice given LOO r of x-irradiation. However, Upton et al.
(12) noted an increased median survival time in partially shielded mice exposed
to 1150 r of x-irradiation, Mercaptosthyl 1dine (the active form of AET) has
been reported (13) to decrease not t.go life-span shortening effect of x-ray
doses in the range of 800 r through 1,400 r tut also the tumor incidence. In
these ntudies thers was no evidence that the protective agent decreased cataract
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TABLE 2
LIFE-SPAN SHORTENING IN CPy FEMALE MICE TREATED WITH
CHEMICAL RADIO AGENTS PRIOR TO
ACUTE X-RAY EXPOSURE
Acute X-ray Dose in Roentgens
Radioprotective :
Agent ‘
Oor oo r 600 r 800 r
\ 6* S5 ik
S-HT 72 3600 510 810
1.10° 1.18 0.99
58 - 46 Lk
PAPP 73 L2s 790 850
0.94 0.76 0,9
59 18 .36
AET 78 300 810 150
1.3 0.7k 0.70
: - 53 oo 38
MEA 380 720 1100
. .0055 0s73 .
52 LS 36
None 62 362 595 880

.Ago oorrected median surviwl time in weeks.

bx-uy dose in r corresponding to life-span shortening

effect.

°IRP (effective dose in r/administered dose in r).
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formation vhereas Von Sallmann has reported (1L) that cysteine reduces
cataractogenesis in rabbits given 1,500 r to the eyes. The only similar
studies carried out with PAPP appear to be those of Brechsr et al, () who
found that young rats given lethal doses of x-irradiation exhibited a
shortened survival time and increased tumor incidence although it is diffi-
cult to evaluate these studies because of the lack of proper control groups.
In most of the studies vhich have been carried out, the life-span shortening
effect in the protected-irradiated groupe has been compared with the life-
span shortening effect in nom-protected animals exposed to the same radiation
dose. The results of the present studies demonstrate that such groups do not
constitute sn adequate oontrol since the protective agents may also influence
longevity. If the results of the present study had been evaluated on the
basis of the non-protected control group, it would be difficult to avoid the
conclusion that both S-HT and PAPP were effective in preventing the life-span
shortening effects of radiation exposure.’ It is apparent that additional
studies are indicated and that these studies should include a wider range of
radiation dosage levels and a larger mmber of animals particularly in the
ocontrol groups. The question of whether the chemicsl radioprotective agents
prevent the delgyed sequalae of acute radiation-exposure is, of courss, only
partially answered by the results of these studies. Cataracts and gross
tumors were not observed in any of the mice included in these studies. How~
ever, the histopathological examination of the tissuss from these mice which
is in progress should provide a comparative estimation of the effects of the
protectors on tumor formation.

Summary

1, Tha longevity of female CFI mice givey various chemical radioprotective
agents prior to acute x-ray exposures.of 400 r, 600 r, and 800 r has been
compared with that of non-irradiated animals given the protectors and with
non-protected irradiated animals in order to determine whsther any of these
agents reduce or prevent ths life-span shortening &ffects of acute x-rey
exposure.,

2. Pretreatment with serotonin creatinine sulfate (90 mgm./kgm. IP) increased
the age ocorrected median survival time of the x-rayed mice by about eight
weeks but the protective effect is small in comparison with the ability of
this agent to prevent acute (30-day) radistion effects.

3. Mioce pretreated with p-sminopropiophencne (30 m./kpo IP), 2-aminoethyl-
isothiourea dichloride (200 mgm./kgm. IP), or 2-mercaptoethylamine hydro-
chloride (300 mgm./kgm. IP) prior to the administration of x-ray doses of
600 r or 800 r exhibited age corrected median survival times comparable or
less than those seen in animals given.thsse x-ray doses without protection.
All of these agents increased the median survival time of mice given LOO r
of x-irradiation but correction of the life-span shortening data for the
increase in longevity produced by the administration of the agents alone
eliminsted the apparent protective effects in these animals.

L. No evidence was obtained in the present studies that pretreatment with the
radioprotective agents decrsased the incidence of other delayed radiation
sequelas,
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PHARMACOLOGICAL AND TOXICOLOGICAL COMPOUHDS AS FROTECTIVE (R
THERAPEUTIC AGENTS AGAINST RADIATION INJURY IN
EXPERIMENTAL ANIMALS
IV, Effect of Various Radioprotection Treatments in Mice

Ho Dy Landahl and A, T, Fasegawe

This report concerns: Experiments on protection against the injurious
effects of x-1irra on external spleen shielding in eonjunction with
serotonin (S-hydroxytryptanine) and MEA (mercaptosthylamine). In other experi-
ments hydroxylamine, low oxygen temsion, sodium cyanide, or sodium nitrite plus
MEA were used to enhance protection. The effect of topical application of
histamine or AET (aminoethylisothiouronium dichloride) to the exteriorised
spleen as well as spleen shock before irradiation was also studied.

Immediate or ultimate anplication of the results: To obtain information
concerning the mechanisms ﬁi!vo% In radioprotection by treating animals in
various ways, both chemical and physical, prior to x-irradiation,

LA N K B X X X/

In the first series of experiments ?preaented in this report the LD.i-o of
x-irradiation to mice wvas determined under conditions ih which the spleen is pro-
tected by an external lead shield during irradiation. Using this value as a
base line, the protection by any compound over and above that provided by the
shielding alone may be attributed to protection of other systems. With this
point of view in mind, the effects of MEA and of serotonin were investigated,

In the second series of experiments an attempt was made to detemine
the extent of the increase in protection which can be achieved by ingreasing
the mmount of protective substance, which was hydroxylamine in this case. Ac-
cording to the scavenger hypothesis one would expect that increasing smounts of
a protective substance would result in increasing proteotion and this protection
could conceivably be large, but the amount of the substance that can be given is
limited by its toxicity. In the case of protection by decreasing oxygen, the
damage which is mediated through oxygen might decrease to a very low level but
such a level cannot be determined if it is°below that level which can Just be
tolerated.

Thirdly, an experiment was carried out to see whether the protection by
sodium cyanide correlated in time with the decrease in spleen oxygen tensionm,
The fourth series of experiments consisted of determimtions of the effective~
ness of topical application of compounds and of electric shock to the spleen. in
an attempt to protect the animals against the lethal effects of irradiationm by
protecting the spleen alone. Lastly, an experiment was performed to ascertain
whather there was additive protection when MEA snd sodium nitrite were adminis-
tersd before irrediation.

92




93

Materials and Methods. Adult CP) mle mice vweighing between 22 and
28 grams were used Tor these experiments, They were maintained on Rockland
Fouse Pellets and water ad libitum. The mice were irradiated two at a time
in a small circular plastic chamber divided so that only one mouse occupied
one side. The chamber was constructed so that air or mixtures of gases could
flow through it to maintain any desired envirommentel oxygen tension. The
irradiation vas given at a rate of 60C r per mimite with a Maximer O.E. unit
um 50 m, 15 ma. with 008 mm, Cu and 1 mm, Al added filtration.

Ruuita

Protection against irradiation by an external shield over the ssleono
As a reference point for comparison of protection agains e of ir-
radiation, a dose reduction factor for an external spleen shield is desirable.
Nembutnlized mice were placed in a small chamber on their right sides and a
small 1/L" wedge of lead was placed over the spleen with the lead resting on
the animal. The wedge was 2 om. long and 0,7 om, wide at the end prok cting
over the abdomen, and 1 om, wide at the end vhich was directly over the back-
bone. About 30 minutes after being given nembutal at 60 mgm./kgm. intraperito-
neally, the mice were exposed. The results are given in Table 1,

TABIE 1

SURVIVAL FOLLOWING VARIOUS IOSES OF IRRADIATION
TO MICE UNDFR NEMBUTAL AND WITH SPLEFNS

SHIELDED EXTFRNALLY
Mean
X-ray Survival Rates 4 Survival
Dose in r (30 Daya) m;g,:g-' (30 Day)
800 8/10 80
900 13/29 B ¥ ks
1000 3/20 6.5 1s
- 1100 6 10
1200 0/20 7 0

I¢ the data in the above table are plotted on log-probability paper,
it can be seen that the I‘DSO 4p about 890 r, the coefficient of variation being
about m‘o

Four groups, each containing ten animals, were given 350, 1,00, 450, and ?
500 r to check the previous LD;, for normal male mice. The respesctive 30-day
survivals of 8/10, 6/10, 2/10,”and 3/10 give an estimated m of about 420 r
as oompared with the more stable value of LS50 r obtained v ously (1). Since
these values are essentially the same, we may compare values directly with
those given previocusly. Using an LDy, value of 420 r we”obtain a dose reduction
factor of 2.1 for splesn shielding the above situation.

L er mrercome—
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To determine the effectiveneas of the shielding, experiments were
carried out using a Victoreen with the tip shielded by the lead wvedrwes, the
lead being held on Ly a plece of tape. The following results were obtained.
If the Victoreen was suspended in sir, then the reading was ahtout 4% of that
in the absence of the leed shield. If the Victoreen was sef on the lucite
plate (1") which is used for axposing mice in the screening program, the
reading was from 8 to 15% of that without lead, depending on the placement. -
If the Victoreen was placed on the body of 'a dead mouse, with a mouse on
either side and near the top, then a reading as high as 207 of the unshielded
value could be obtained. Much of the spleen is closer to the lead shield than
the center of ths ionization chamber so that at least pvart of the spleen may
be exposed to less than 200 r for a 1,000 r exposurs, But the outer edges of
ths spleen undoubtedly are exposed to substantially more than 200 r. However,
1t is likely that the central portion, which is most protected, is the only
part that is important for the survival of sufficient cells to serve as a
source for repopulating the reticulo-endothelial system. In any case, it
mist be kept in mind that the shielding is by no means complets. Purther
studies are needed to find out whethsr or not complete shielding of the ex-
teriorized spleen, or the injection of young spleen caells or bone marrow in-
creases protection above that obtained with the external shielding.

Protection against irradiation by an external shield over the spleen
together with MEA or serotonin. A dose oi' "LO0 mgn./kgn. of mercaptoethylsmine
TWEAT Y5 sTmites priorto Trradiation affords about the same protection as does
an external shield over the spleen. It 1s of interest to find out the extent
of this protection if the spleen is simultaneously shielded externally. The
additional protection could come f'rom further protection of the spleen or from
protection against other systems. OSince the doses of radiation are so high
that death by gut damage is beginning (2), and since MFA protects against this
damage (2,3), a symergistic action is not unexpected.

Intraperitoneal administration of gerotonin (S-hydroxytryptamine) at
levels above 5C mgn./kgm results in a substantial protection against subsequent
irradiation. A dose reduction factor of about 1.8 has been found (4). Simul-
taneous protection by serotonin and shielding could result in some additional
protection of the spleen, but also in a slight decrease in damage to the gastro-
intestinal tract. Experiments were, therefore, carried out from which an esti-
mate could be made of the extent of the interaction.

In Table 2 are givch data on survival of irradiated mice which were
shielded over the spleen and given either VEA or serotonin,

Protection against irradiation by repeated administration of %yl—
amine, roxylam produces toxic symptoms quickly in male ce
considerable amounts can be administered when given over a perio% of time and
especlally if the mice are previously given nembutal., An attempt was made to
increase the protection against irradiation by giving repeated injections of
50 mgn./kgn. at S-mimite intervals beginning 25 minutes after administration
of 70 mgm,/igm. of nembutal., Pive mimtes after the fourth injection of
hydroxylamine the mice were given various doses of irradiation at a rate of
6CO r per minute. In preliminary experiments, after survival seemed better
in those animals given methylene blue (20 mgm,/kgn. intraperitoneally) after
irradiation and hence this procedure was finally adopted. A few animals in
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TABIE 2

SURVIVAL OF MALE MICE WITH EXTERNAL SHIELD OVER THE
SPLEEN AND WITH MEA (40O MGM./XGM.) OR

SEROTONIN (100 MOM./XGM.)

X-ray Dose Pre-X-ray Survival Ratio Mean Death % Survival
inr Treatment (30~Day) Time in Days (30-Day
1,000 s;gu::? /,(‘:-1:) 8/19 80
1,100 " 8/18 8.8 uh.S
1,200 " 1/8 10 12
. .800 MEA (I.P.) 9/10 90

40O mgm. s
1,000 " 15/19 1 79
1,200 " 12/ 13 60
1,300 " 13/1§ 10.L4 68
1,L00 ] 8/20 1.l 4o
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sach group of ten can be expected to die Just before, during, or after irradi-
ation. Animals surviving for a few minutes after being given methylene blus
lived several days cr more. In Table 3 only such animals are included,
TABLE 3

PROTECTION AGAINST IRRADIATION BY INTRAPERITONEAL
INJFCTION OF RYDROXYLAMINE !YI'ROC'HLORIIE

IN MALE MICE
Pre-X-ray Mean
X-ray Dose Treatment with Survival Death Time % Survival
inr Hydroxylamine Ratio in Days (30-Day)
Hydrochloride
0 200 mgm./kgm- 10/10 100
(L doses)
800 50 mgm./kgn. 1/10 7.5 10
(single dose)
800 200 mgn./kgn- '13/23 13.1 57
(1 doses) !
1,000 200 mgm./kgn, 1/12 u 8
(L doses)

At S0 mgn./kgm. there were no drug deaths. The first death of the
irradiated mice ocourred on the sixth day. No pretreatment with nembutal nor
posttreatment with methylens blue was used in this case. Ths data suggest only
a slight protection sgainst 800 r by 50 mgm./kgn. of hydroxylamine when given
intraperitoneally sewen minutes before irradiation. Pretreatment with nembutal
alono)(85 ngn./kgn.) results in only a low percentags survival at 600 r (see
below) .

Since over one-half of the mice survived after 200 mgn./kgm. of NHOH.
(hydroxylanine) the dose reduction factor for this situation is not far from 2.
Hence hydroxylamine can give considerable protection against ionizing irradi-~
ation wvhen given in sufficiently large amounts before irradiation,

Protection against irradiation by very low en tension, The environ-
nental Hope T s P rale 1ot es ourafulTy DEoaiht 1o a Iewel of about .6k
oxygen and the animals exposed to various levels of irradiation given in two
minutes or less,

After the mice had been placed in the plastic ewnosure chamber for a
few minutes, the oxygen tension was dropped to about 10% for one mimute, The
tension was then dronved to about 7% for a half minute and then to L.6% during

L
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& half minute interval. Irradiation was begun 20 seconds after the tension
reached 1.6, At the moment the x~ray machine :smt off, a solenoid allowed
air to replace the low oxygen mixture in the exposure chamber. Few animals
died during the 1-1/2 minute exposures (900 r). However, for exposures of
two mimites (1,200 r), the anoxia results in early 50% mortality. In Table L
only survivors of the exposure period are included.

TABLE 4

SURVIVAL OF MALE MICE FOLLOWING X~-IRRADIATION
DURING L4.6% OXYQEN TENSION

X-ray Dose Survival Retio . Mean Death ¢ Survival

inr (30-Day) Time (Tays) (30-Day)
800 11/ (1) 79
900 8/n (11) (5]
1,000 1/20 . 13.3 55
1,200 116 10,7 .6

From the above table it can be seen that the wa (30-day) is somewhat
over 1,C00 r, giving a dose reduction factor between 2 &nd 2-1/2 for this situ-
ation.

An additional group of ten mice was given 550 r. As the x-ray machine
shat off, the air in the chamber was rapidly replaced with nitrogen. Ten seconds
later the level was raised to 5% O, and 10 seconds later to 7%, Since the abrupt
drop produces excitement, it was not possible to maintain the oxygen level as low
as S§ even for a minute. After two minutes the mice were removed from the ex-
posure chamber. No animsl survived beyond 11 days, the mean time of death being
9.3 days. Untreated animals given 550 r would give no survivors in most instances.
Hence, production of anoxis within 10 seconds after irradiation failed to show
protection from the rather low dose of 550 r.

A few trials were made to combine anoxia with 600 mgm./kgm. of MEA (I.P.)
with the x-ray exvosure being given 15 mimites after injection of MFA. Since s
higher dose of irradiation needed to be given and since there seems to be some
increased sensitivity to anoxia in the nembutalized~MEA treated animals, the
level of anoxis ocould not be maintained below 6%. In a group of eight mice
given 60 mgn./kgn. of nembutal at 3C minutes, 600 mgm./dgm. of MFA at 15 minutes,
and 6% Oy at sero time and during irradiation (1,500 r), there were no survivors
after 14 days, the mean death time being 10 dsys. Another group of seven mice
was exposed t© 1,600 r. Two of these animals survived 30 days. The mean death
time of those failing to survive X days was 13 days.
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Pretection inst irradiation by sodium nide in nembutalized male
mice. Previous s Eiﬁea (5) showed that &e oxygen ;'.ovoI In most mice under
nembutal given } mgm./kgm. of sodium cysnide intraperitoneally begins to fall
at about three minutes. Only 1 in 6 showed a decrease at the end of the first
nimite. Most of the others showsd an appreciable increase during the first two
mimtes. In torme of protection dus to oxygen deficit one would not expect
protection to bs exhibited until atout three minmutes or more following injection
of sodium cyanide. Henoe, nembutalised mice were given 700 r after 1, 3, 8, and
16 minutes after sodimm cyanide and the results are shown in Table 5.

TABLE S
SURVIVAL IN NEMBUTALIZED MALE NICE FPOLLOWING

IRRADIATION AND PRETREATVENT WITH
SODIUM CYARIDE

X-ray Dose Time After Survival Ratio Mesn Death ¢ Survival

inr NaCN (30-Day) Time (Days) (30 Days)
700 No NaCN 0/16 9.5 .0
700 1 3/15 1.6 20
700 3.5 13/3L . 1.7 38
700 8t 5/2 13,7 2
700 16¢ 1/18 9.7 5

Fron the above results it can be seen that when the irradiation is
given at about 1.7 minutes mean time from injection of NaCN, there is apprecia-
ble protection. The survival is greater at four minutes mean time but the in-
creased survival is not significant, though significantly greater than the con-
trol. By 16 minutes: the survival is negligible. The data do suggest, however,
that protection develope too rapidly to be acoounted for by the change in oxymen
tension., The data given hers should be compared with those of Dilley and Doull
(6) in which nembutsl was not given. They found considerable protection by
potassium cyanide against 700 r when the animals were irradiated one mimute
after injection.

Protection against ion irradiation by topical anplication of

histamine o Che Ecn of male mice. As part o‘f’ a program to study the extent
of protection E gﬁﬁ! aoplication o7 small amounts of drugs to the spleen
before irradiation, histamine dichlorate has been usei. The spleens were ex-
posed and a small piece of Saranwrap placed underneath to form a small trough.
The animals were carefully placed in the exposure chsmber. The drug was applied
drop by drop over a period of sbout two mimutes and the liquid in the plastic
trough was stirred and used to bathe the spleen unti} time to place the exposure
chamber under the x~rey bLeam.
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In Table 6 are also given data in which the drug was administered
intraperitoneally and intravenously using a volume equal to 1£ body weight.
In one experiment the drug was injected directly into three parts of the
spleen using s volume of 1/L% body weight. The results are shown in the
following table.

TABLE 6 -

SURVIVAL IN MALE MICE IRRADIATED POLLOWING TOPICAL
APPLICATION OF HISTAMINE DICHLORIDE TO

THE SPLEEN
Treatment

X-ray Dose Survival Ratio Mean Death % Surviwal
e (efem, roitecand TlGng)  Tiee (30-Dey)
700 None o/ 8.5 0
700 250, I.P., 5¢ 0 8.5 10
700 250 (neut.), I.V., 59 :h/10 12 Lo
700 250, spleen inj., 5* L/8 2 50
700 250, topical, S* 2/10 9 20
800 250, I.P, o/8 10.5 0
800 250 (neut.), 59 6/9 (13) 61
800 250, topical, 39 . 1/1) 1.2 7
800 250, I.P, 0/10 9.9 0
800 300, I.P. . . 0/10 8.6 0
800 500, I.P. 0/10 9.4 o

From the above it can be seen that in these mice intraperitoneal in-
jection of histamine is not very effective, In all these cases, the injections
were made into the abdominal cavity away from the spleen. On the other hand,
these preliminary results suggest that intravenous injection of neutralized
histamine dichloride, topical application, and injection into the spleen result
in substantial protection. When the injection is made into the spleecm, the site
of injection shows a marked blanching. Topical application results in a blotch~
ing and darkening appearance.

In the esrlier experiments (700 r), the drug was applied to the capsule
only until near the end of the period. A few attempts to reocover the unabsorbed
drug indicate that the capsule absorbs very little in time while that which
spills over the capsule so as to wet the sides of the spleen and the attached
tissue is absorbed rather quickly.

It my be noted that the neutralised solutions seem more effective,
The possibility needs to be considered that the irritating effect of the low pi
may partially oounteract the constricting effect of the drug. It should be
pointed out also that the role of timing needs further study.
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Protection g;inst 10“1.}‘3."‘ irfradiation b t‘ogical aglication of
aminoethylisothiouronium dichloride 1) or e cal shoe eons
of male mice. The effect of Copical Qpi&%agon o% AET to exposed ap&m of
nembutalised mice has been studied. The drug was applied as described above,
not neutralised unless otherwise indicated, Included in this series was a
group in which the spleens were shocked by a very short monophasic pulse, .
Three shocks were delivered to different parts of the exposed spleen. Thirty
seconds elapsed until irradiation (600 r per minute) was begun. The intensity
of each shock was sufficient to produce a strong twitch when spplied to muscle.
No movement except that due to current spread was noted. Relatively little
change in the appearance of the spleen was seen. A few animals in vhich the
spleen oxygen temsion was measured showed gmall to moderate decreases, with
some increasing slightly. Although tris result would not suggest that spleemn
shock should give. protection through spleen anoxis, some experiments were
ca;]r:ed out nevertheless. The results of these experiments are shown in
Ta Ta

TABIE 7

THE EFFF.CT OF TOPICAL APPLICATIOM OF AET OR SPLEEN SHOCK
¥ SURVIVAL OF MALE KICE AFTER X-IRRADIATION

X-ray Dose .. teent Dose of AET Survival Ratio Mean Death € Survival

inrp (30-Day) Time (Day) (30-Day)
600 None ) 2/10 10.4 20
600 Spleen exposed 0 1/10 1.2 10
600 Spleen shock o 3/10 9 30
700 Spleen shock 0 3/28 9.2 u
700 Spleen exposed 0 0/20 10.4 0
800  Topical 75 1/10 13 10
800  Topical 100 0N 8.6 0
8oo Topical 125 2/10 17 20
800  Topical 125 (neut.) WV ko

From the data given above, it can be seen that there is little or no pro-
tection due to spleen exposure or spleen shock, over and above that due to the
nembutal (85 mgm./kgn.) adeinistered about one-half hour before irradistion;

On the other hand, topical application of AET at 125 mga./kgn. at 1/4% body
weight, especially a neutrslised solution, appears to give appreciable protection.
Whether or not this protection exceeds that for an intravenous injection cannot
be determined without additional data. ; '
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Protection against ionis radiation foll adninistration of
MEA and NaNU,. ce mgm. ) ven m 8 before irradi-
stion a nga./kgn. of NaNO, 20 minutes before irradiation give roughly

the same protection tut neither produced appreciable survival at 1,30 r, an
sttempt was made to test the effect of giving both, In the absence of inter~
action between the two compounds such that either reduces the effect of the
other, then in view of the synergistic effect of anoxia or spleen shielding
and MEA, one might expect at least the anoxic effect of NaNO, to act syner-
glstically with MEA. The procedure used to test the hypothesis was as
follows. At time sero one mouse was given 200 mgm./kem. NaNO, intraperito-
neally. At 5 minutes LOO mgm./kgm. MEA was wdministered. At 20 minutes
irradiation was begun. It lasted 2-1/6 mimutes. As quickly as possible

20 mgn./kgn, of methylene blue was administered intravenously to prevent
death from the nitrite. The animal was then given 75 mgm./kgm. nembutal to
reduce mortality from the MEA convulsions.

The result from 15 mnimals surviving five minutes past..administration
of nembutal was as follows., Of 13 surviving overnight, six survived 1,300 r
for 30 days., No survivors would be exvected from either agent alone, indi-
cating an additive effect. ‘

Swmary

1. Use of an oxternal 1/} inch lead shield (C.1 x 2 x 0,7 em.) placed over
the spleen of mice increased the LDgy for whole-body x-ray exposure from
about 150 r to 890 r. The administfation of serotonin (100 mgm./kgm.-
intraperitoneally) in addition to the external shielding of the spleen
increased the ~to about 1,075 r whereas MEA (LOO mgm./kgn. intraperito-
neally) plus sp shielding increased the o to about 1,200 r. MEA
aslone was about as effective as spleen shielding alone-

2. Hydroxylamine given prior to whole-body x-ray exposure at a dosage level
of 50 mgm./\ga. results in a slight protection tut increasing the dose to
200 ngn./kgn. (given over a period of,15 mimutes to minimise toxicity) in-
creases the of whole-body x-ray exposure to over 800 r giving a dose
reduction factSr (DRF) of close to 2.

3. Anoxia produced by exposing mice to an envirommental oxygen concentration
of about }1.6% increased the LDSO of whole-body x-ray exposure to about
1,000 r. Production of mnoxia“within 10 seconds after x-ray exposure gave .
no protective effect.

k., Administration of sodium cysnide at different times prior to an x-ray ex-
posure of 700 r showed that the greatest survival occurred when the agent
was given at four mimutes prior to the irradiation.

S. Experiments involving the topical application of drugs to the spleen gave
the following results: substantial degrees of protection could be obtained
with histamine and 2-aminoethylisothiourea but the amounts required to pro-
duce pretection were comparable to they amount of each agent required to
produce radioprotective effects when given intravenously. Electric shocks
10 the spleen failed to yield a significant protective effect.
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Aduinigtration of 100 mgn./kgn. of MEA md 200 mgm./kgn. of NalQ, before
1,X0 r resulted in 30-day survivors indicating an additive protective
eoffect. ’ '
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THE INFLUENCE OF EXPOSURC TO LOW IEVELS OF GAMMA OR FAST
NEUTRON IRRADIATION ON THE LIFE SPAN OF ANIMALS

I. Early and late Rng%romun Effects in Proton-Irradiated
00 Peld rouiﬁpu

D. G. Oldflcld. Jdo Ibull, v. m’ Ao Hasegawa, and

A. Sandberg
This t conoerns: Radioprotective effects in mice total-body
irradiated by EEE energy (LLO Mev) protons following pre-irradiatien treat-

ment with 2-mercaptoethylamine hydrochloride (MFA) and with p-aminopropio-
phenons (PAPP), and a comparison with similar effects in mice irradiated by
250 Kv.x-rays. . .

Immsdiate or ultimate lication of the results: This investigation
has relevance to at least three signiflicant radloprotection problems. These
are, the extent to which a selected agent can modify the response of a biologi-
cal system to one particular type of radiation-—specifically, high-energy
protons; the relative effectiveness of twd different types of radioprotective
agents in modifying the response of a biological system to this type of radi-
ation; and the relative effectiveness of one type of radioprotective agent
compared in systems exposed to two different types of radiations--protons and
x-rays. The methods and results of a first series of experiments (Series A)
designed to investigate these problems has been given in a preceding report
(1). The present report contains dats obtained in a second series of experi-
ments (Series B) replicating and extending the range of radiation doses em-
ployed in the first series. Initial analysis of the data of both series of
experiments confirms the original conclusion that pre-irraciation treatment
with MEA or PAPP is able to reduce 30~day lethality in mice exposed to high-
energy protons. In addition, examination of the series A survival data out
to 140 days has both indicated the need for, and suggested an approach to, a
more sengitive measure of madiation response than the conventional indices
provide. Experimental and theoretical bzses have thus been provided for
further studies of radioprotection by MEA:and PAPP at the present and also
at lower proton energies.

LK IR R K IE N N

The experiments of Series A employed a range of radiation doses which,
for protected animals, produced mortality only approaching the 50% point,
Hence, mid-lethal doges, U, had to be obtained by extrapolation. The various
offectiveness indices (dose reduction factor, relative biclogical effective-
ness, relative protective effectiveness) vere, therefore, each afflicted with
an uncertainty relatcd to that of the two D's from which they were calculated.
The purpose of the Series B experiments was to provide a firmer estimate of the
various mid-lethsl doses by using larger radiation doses for the protected
groups, as well as doses overlapping some of the Series A points.
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An additional question raised by the Series A experiments was whether
the slopes of the mortality versus dose lines were unduly low dus to the
randomization over several ape groups (1l to 20 weeks) which the experimental
plan required., To obtain information on this point, regression lines for pro-
tected and unprotected mice homogeneous in age to within one week were obtained
in the Series B experiments. These regression lines could then be compared
with similar lines obtained using mioce having a larger spread in age.

: %10&1 methods and materials. The proton beam used for the Series B
experinents wvas same &8 used for Series A. This beam can be speci-
fied by the following parameterss

Accelerators 170-inch synchrocyclotron
Energy:s LUO Mev at extraction

Pulse width: LOO microseconds

Pulse repetition rates 70 pulses per second.

A more detailed description of the beam and irradiation geometry used has been
given previously (1). The average dose rate on the midline of a cylindrical
water phantom on the vertically scanned irradiation plate was maximally about
LO rad/min. for the Series B runs, This is approximately half the rate ob-
tained in the Series A runs. The reason for this difference is not definitely
mown., One possibility is that either the particle trajectory or the efficien~
oy of the extraction apparatus was altered dus to modifications made after
Series A in iron structures adjacent to the machine. The dose distribution
over the surface of the irradiation plate, however, was the same for ths two
runs, as judged both from film exposures and from ion chamber readings on the
plat..
H

Specifications of the x-ray beam used for the Series B runs were as

follows:

Generator: Keleket

Energy: 250 Kvp

Tube current: 15 ma.

Externa)l filters 1/L mm. copper plus 1 mm. aluminum
FSDs 75 (. 1Y

Backscatter material: lucite

External ocollimator: none

Beam diametcrs approximately LS om.

Pending a more detailed comparison of the generator used during Series
B with that used during Series A, the same roentgen-to-rad conversion factor
adopted previously (1) will be assumed to hold for Series B.

The final item of dosimetry concerns the charge-calibration of the
Victoreen chamber. Immediately preceding the Series B runs, the Victoreen set
(chamber and charger) was recalibrated against the Argonne Cancer Research
Hospital (ACRH) cobalt-60 source; this calibration was then compared with a
cormercisl cobalt-60 calibration (Victoreen Instrument Company) of the same
set for similar geometric conditions performed six days before. The conditions
and results of these calibrations are shown in Tatle 1. Since the commeriocal
calibration is accurate to only a few per cent, the agreement is quite
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satisfactory. Thus it was felt that the charge-calibration for Series B had
been somewhat more reliably estalilished than that for Series A. Quite apart
from this, a new value for the half-life of cobalt-60 was recently published
(2). This circumstance, flong with the relative status of the calibrations,
has led us to choose the exposure dose rate used for the Series B ailibration
(45.1 r/minute on 2/15/63) as the referense rate. The value for the Series A
calibration was then corrected to this rate taking for the half-life of
cobalt-80 the new value of 5.263 years (1922.3 days). The correction required
for the Series A doses turned out to be negligitle (lees than 1%). However,
this calibration, and the more accurate value for the half-life of cobalt-£0,
will aid in referencing the Victoreen set using the radium calibration gource
now available in this laboratory.

TABIE 1
CORAIT«60 CALIBRATION CONDITYORS AND RESULTS

Source o Correction Factor
Chamber Distance Field Size (for 22° C.)
ACRH 81.6 om. 10 om. x 10 om. 1,025
(square)
Victoreen 50.0 em, 10 om. dismeter 1,037
(circular) :

1.031 t 000% avs

(0.6%)
Bio 1 materials and methods. Mice used in this experiment were

Carworth Famms CF;, caged not more 2 per stainless steel cage (7" H,

9" W, 13" L) in wi&ich food (Rockland Mouse Diet) and drinking water were availa-
ble ad libitum. All cages were housed in a single room and were inspected for
dead mice dally and cleaned weekly. Both proton and x-ray irradiations were
carried on during successive 8 to 12-hour periods spanning several days. The
mice used in any particular period were randomised just prior to the beginning
of that period within the age groups 19 £ 1, 21 £ 1, and 23 t 1 weeks for male
mice, and 18 to 19 weeks for female mice. An additional group of male mice

14 to 15 weeks of age was used in the x-ray irradiations,

Chemicsl agents used in this study were made up in concentrations that
permitted the use of an injection volume gorresponding to less than 27 of the
body weight of the mouse. PAPP was prepared by dissolving C.P. grade reagent
in propylens glycol with gentle heating and then diluting with an equal volume
of triple-distilled water. The concentration of the final solution wae 3 mgn./
mill1liter. MEA was prepared by dissolving the C.P. grade resgent in triple-
distilled water. The ooncentration of the final solution was 22.5 mgm./nl.
Half of the control mice received one, and mlf of the control mice the other,
of the sbove diluents.
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In the proton irradiations, mice were processed ir batches of nine;
sll nine received the same drug dose and the same radiation dose. A sample
of each of the age groups was used for each exposure at each radiation dose
level.

Injections were given intraperitoneslly using a 1 ml. syringe and 22
gauge needle, 1/2 inch long. After injection, mice were placed in vented
centrifuge tubes. A delay of five mimites was interposed between the end of
the injections and.the start of irradiation, during which time the tubes were
attached to the lucite plate. The plate containing tubes and mice moved verti-
cally up and down past the fixed beam contimuously during irradiation. After
delivering a measured radiation dose to this batch of mice, the tubes were re-
moved, and the mice sorted into sppropriate cages. The propylene glycol and
the water control mice were caged together, but were permanently marked so as
to be distinguishable. The female control mice were given water only.

The x-ray irradiations comenced one week after the end of the proton
irradiations, The biologicsl procsdures used for irradiations were exactly com~
parable with those used for proton irradiations, except that the mice were
processed in batchea of sixteen, and the lucite disc carrying the mice rotated
continuously within the beam about a vertical axis.

‘Results !

The cumulative per cent mortality, p, 1s shown in Table 2 for both
Series A md B runs. For protons, the data has been cumulated to 30 days for
A and 28 days for By for x-rays, the data has been curmulated to 30 days for A
and to 21 days for B. Data beyond 21 and 28 days is not yet available for the
B series experiments, However, data presented below and discussed more fully
later in the report indicate that early mortality is relatively fully ex-
pressed by 21 days.

The standard deviation, 0~ , is calculated on the assumption that
deaths within each group of mice at a particular dose level obey binomial
statistics, and that the per cent mortality observed in t his sample is a
reasonable estimate of the per cent mortality and would be observed in a
large population of mice. The nmumber n ig the original number of mice ir-
radiated, not including any that died during irradiation or during the first
twvo days post-irradiation. In the control groups, the number of mice excluded
from analysis due to immediate death (during irradiatfon) or due to short-term
death (two days post-irradiation) is negligible. In groups receiving MEA or .
PAPP before irradiation, the excluded mice comprise about 5 to 15% of the ini-
tial number. The three age groups irradiated during the same or successive
treatment periods all exhibited essentially the same survival behavior and ths
groups were pooled for analysis.

The data in Table 2 mr@ plotted in Figures 1 through 10, inclusive, in
probit units of mortality versus dose. The straight-line fits to these data
have been estimated by eye. The 2l-day x-ray data of Series B apvears to agree
reasonably well with the 30-day x-ray data of Series A. The same may be said
of the Series A and B proton data.
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Figure 1. Dose-mortality data for 19 1 5 weeke o01d CFy male mice
given vehicle only five minutes prior to whole-body proton irradiationm.




Per Cent Mortality

L e o o e ST o SR

10

30

h

s =
70 |—
D « 1330 rads protons
b = 0,178 x 10~ probit/rad
90— A e Series A
| 0 = Series B
99 | o
] 1 : ] |
1,00 800 1200 1600
Dose (rads)

Figure 2, Dose~-mortality data for 19 Z S weeks old CPy male mice
g:;m 30 mgn./kgm. PAPP five minutes prior to whole-body protoni irradi-
ation.
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Figure 3. Dose-mortality data for 19 L S weeks old CFy male mice
¢:Ion 225 ngn. » MEA five minutes prior to whole-body proton irradi-
ation.
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Figure L. Dose-mortality data for 18 to 19 weeks old CFy femele

nice given vehicle only five mimutes prior to whole=body proton Irradi-

ation,
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Figure 5. Dose-mortality data for 19 ¥ S weeks old CF, male mice
given vehicle ohly five minutes prior to whole-body x-irradiation.
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Pigure 6. Dose-mortdity data for 19 L S weeks 0ld CF, male mice
given 30 ngn./kgm. PAPP five minutcs prior to whole-body x-irfadiation.
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Figure 7. Dose-mortzlity data for 19 = 5 wesks old CF, male
mice given 225 mgn./kgn, MEA five minutes prior to whole~body X-irradi-
ation,
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Figure 8. Dose-mortality data for 18 to 19 weeks old CFy fe-

male mice given vehicle only five ‘minutes prior to whole-body x-irradi-

ation.
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Pigure 9. Dose-mortd ity data for 1 to 15 weeks old CF, male
mice given wehicle only five mimites prior to whole-body x-irnd}nt.iona
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mice given 225 mgm./kgm. MFA five mimutes prior to whole-body x-ibradi~

ation,
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For each estimated straight=lins fit to the data, the dose producing
50% mortality, B, and the slope of the line, b, measured in probits per rad,
can be obtained. These values are collected Tz’x Table 3. Under the assumption
that no large errors result from the use of non-identical assay periods, values
of DRF (dose reduction factor), RBE (relative biological effectiveness), and
RPE (relative protective effectiveness) have been calculated using the data
of Table 3. These values are presented im Table L.

The difference in the efficiency of PAPP and MEA in the concentrations
used for tecting against acute lethality as judped from the DRF*s and RFE's
of Table 4 seems not to be as large as was thought previously., Pending further
analysis of the data, the only conclusions that can be drawn at present from
the indices are that both PAPP and MEA protect against early lethality in mice
irradiated by high-energy protons, and that the degree of protection afforded
is roughly the same as that for medium quality x-rays.

The mean dose, J, for female controls is not greatly different from
that of males for either protons or x-rays. The slopes, b, for females, how-
ever, are steeper than those for males rox:' both radiatiohs.,

The 1 to 15-week 0ld control and MEA groupe are seen to give mean
doses, slopes, and [RF's quite comparable with those obtained for groups much
more heterogenous in age. It may be concluded that there is no bar to using
mice in the range 19 1 S weeks of age for experiments of this type.

In Table S are presented survival data out to 11,0 days for control
(water or 50% aqueous propylene glyeol only) mice given various proton doses
during the Series A experiments, Also presented are survival dats for mice in
this series given 30 mgm./kgn. of PAPP or 225 mgm./kem. of MEA five minutes
prior to receiving a proton dose of 939 rads. The quantity q is the fractional
number of mice surviving to any selected time, with the same exclusions on
imrediate and short-term deaths as described above.

The data of Table 5 are plotted if Figures 11 to 19. The straight
1linss have been fitted to the data by eye on the assumption that the rate of
death (-dq/dt) 1s, in rough approximation, constant over successive intervals
of time, the "constant" being different for each interval. Trested in this
way, the data exhibit a number of systematic and to some extent anticipated
trends. First, the initial rates incresse with increasing radiation dose.
Second, the initial rate of death is succeeded by a secohdary rate of death
proportionsl to, but smaller than, the initial rate. , the transition
from initial rate to secondary rate occurs earlier in time and at a lower
q-value for larger doses. Fourth, for low dosos, the initial rate appears to
be preceded and followed by periods during which the rate of death is sero--
a delsy, as it were, occurs before the initial rate appears and also before
the secondary rate appears. These delays may be termed initisl, secondary,
etc, Examining the curves for protected animals, one sees that PIFP:&TA%N
animals exposed to 939 rads of protons generate a curve which has the quali-
tative behavior of that for control animals given 820 rads of protons. On
the other hand, MEA-treated animals given 939 rads produce a curve resembling
that for control animals receiving 591 rads of protons.
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TABIE 3

MID-IETHAL DOSE (B) AND REGRESSION LINE SLOPE (b)
OBT*INED ¥ROM MORTALITY~-DOSE CURVES FOR
PROTONS AND X-RAYS

Sex Ages, Weeks | Drug Group | ¥ b, Probits/rad
Male 9t g Control 820 0,29% x 10'2
Male 19t PAPP 1330 | 0,178 x 10
LLO Mev protons |\, 19t 5 | v 13%0 | 0.176 x 10-2
Female 18 - 19 Control 680 | 0.641 x 107¢
Male 19t s .Control s7c | 0.583 x 1072
Male 9t g ‘PAPP g3o | o.gg'r x 103
' Male 9% ¢ MEA 10 [ 0,610 x 10
250 Kvp x-re8 | ponate | 18 - 19 Control 560 | 0,801 x 1072
Male 1 - 15 Control 610 0,675 x 10
Male 1 - 15 MEA 870 | 0,513 x 10°
TABIE |

IRF, RBE, AND RPE VALUES OBTAINED FROM MID-LETHAL
DOSES OF PROTONS AND X-RAYS FOR MALE
MICE 19 & § WEEXS OLD

Drug fadiation Protons X-rays  REE = 0.70
PAPP DRF = 1,62 IRF = 1,63 || RPE = 1.43
MEA DRF = 1,70 DRF = 1,42 RPE = 1,72

B (drug) (control)
P (eontrol) . Bp (control)
(arug)

.‘ T, (drug)




FRACTION OF C

122

TABLE §

MICE SURVIVING VARIOUS DOSES OF PROTON
RADIATION VERSUS TIME POST-IRRADIATION

Series At Males 15 to 19 Weeks Old

Controls PAFP

&oao,
rime, et | 25 |31 | 168 | s |72 [820 939 | 939
Days

3 1,000 {1,000 21,000 |{1.,00C 11,000 {1,000 {1.000 {1,000

6 " " " " " '9115 1829 0972
9 " 92| " 9721 93 | 722 | .5k3 | .861
12 " " 972 917 | 829 | 639 | 3T | 667 |
15 » " US| 889 | Th3 | .556 " 611
18 " " " " oTUL | oLl | J3W3( ®
a " » " 8331 686} 286 | .583
28 " 861 ) 97| ~778 | .S " " +528
N " v " o750 | oLST | o417 | 257 | .500
k2 ' . 8331 " [ TR} " " " o1a7
L9 7| " w | 95| * " n | 389
56 " v | o889 667 " <389 | -229) " »
63 991‘3 bt * 1 0639 " " b "
70 " L L) ] " L " »361
7 " ] L 611 " n » -oon
8y " 806 L L ] " n n
n " L L] " ™ 1] * »278
100 " " .861 " " L] N "
105 S| 7781 .B33] .583] " »200 "
11, 886 m 1 o778 m " " " "
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Figure 15. Surviving fraction of CF. male mice given vehicle only
versus time after 702 rads proton irradiatiof (Series A).
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Figure 16. Surviving fraction of CF, male mice given vehicle only
versus time after 820 rads proton irradiatich (Series a),
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Figure 17, Surviving fraction of CF male mice given vehicle only
versus time after 939 rads proton irradiation (Series A).
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Figure 18. Surviving fraction of CFy male mice given 30 mgn./kgm.
PAPP versus time after 939 rads proton irradiation (Series A).
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Pigure 19. Surviving fraction of CF; male mice given 225 mgm./kgm.
MEA versus time after 939 rads proton irradiation (Series A).
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Discussion

As mentioned previously, the data of Series A and B experiments
ocannot be fully analyzed for survival until more time has elapsed. The
survival data for Series A proton-irradiated animels at 110 days, however,
already indicate certain limitations of such response as IRF, RBE, and RPFE
megsured at 30 days. These limitations are probably not peculiar only to
the proton datas the latter are used here simply as illustrative.

First, if the initial and seocondary rates of death estimated by the
lines of Pigures 11 to 19 are assumed -to indicate the oscurrsnce of two differ-
ent processes leading to death, the surviving fraction at 30 days, o» MY
result from none, one, or both of these processes depending on the dése used,
For example, in Figure 11, m oceurs during the initial delay and so is not
affected either by the initihl or secondary rates of death which followy in
Figure 12, 230 results from the oscurrence of a portion, but not all, of the
initial rate of death; in Figures 16 and 17, qqo results from both the ini-
tial and a pert oY the secondary rates of death. Second, and quite apart
fron any hypotheses as to its csuse or nasture, the data of Figures 11 to 19
indicate that the rate of death per mouse is atill changing at 30 days for
most of the doses used, though perhaps less rapidly than at earlier times.
The choice of 30 days as the assay time in this system thus appears to have
convenience and eonvention, but not a great deal more to recommend it. Spe-
cifically, the significance of the value of q obtained at 30 days to the
whole temporal phenomenon of survival after irradiation is obscure.

If the assay point were placed far enough out in time for a plateau
in survival to be reached, the significance of such a plateau-q would be such
- olearer then that of the g, 's. Whether such plateaus exist for this system is
not inown at present, tut s method of assay would presumably require periods
of time at least greater than 140 days. For mice of these ages, the behavior
of q may begin to depend on aging processes as well as on the experimental
stress uscd, or on some combination of these not easily separable on the basis
of the survival data. "

¥

Another much used assay point is the time, §_ , required for half of
the initially treated mice to die. This assay point”Nas about the same limi-
tations on significance and applicability as the 330 previously discussed.

These considerations suggest that it may not be possible to adequate-
1y describe the survival behavior of irradiated populations of animsls using
single constants or one-parameter families of curves, In this event, when a
description of more complex survival behavior is required, the question
arises: fow shall radioprotection or other relative effects be cvalunated?

A method will be proposed here which, to the authors’ knowledge, has not as
yet been used either in radiobiology or radioprotection studies. The basic
notion, however, originated in the population dynamics formulated by Volterra
(3). The quantity of interest is the time integral of the fraction of animals
surviving to any specified time, which we shall call the survivance,

t
v(t) = / qdt.
[+
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Its chicf virtue is that it reflects not sirply the value of g attained

by time t, but the entire time course of ‘the survival process up to time t.
Roughly speaking, the survivance is a combined measure of both how =
individuals survived and for how long. A measure of the relative effect on
survival up to time % of any stress is given by the ratio of survivances to
that time of two groups, one stresscd, the other not. A measure of the
relative sffect on survival up to time t of two stresscs is given by the
ratio of survivances of two groups, each receiving one of the stresses.

A further virtue of the concept of survivance iz that it may be ex~
pected to correlate more closely with other biological measures of radiation
effects than do the conventional indices. As a simplified example, suppose
a group of untreated irradiated animals show a g of 1,0 until five days,
after which q falls to 0.5 at 30 days; and suppose s group of treated ir-
radiated animals show a g of 1.0'until 13 days, after which g again falls
to 0.5 2t 30 days. The Qy for each of these groups is the same; the
for these groups is also sme. One would not, however, expect the fadi-
ation pathology or biochemistry of either the survivors or of the mice that
died to be the same in hoth groups when it is lmown that differences in the time
courae of survival exist, Whether such a msasure as survivance would in fact
exhibit properties that correlate well with other biological data remains a
matter for investigation; the conventional indices, however, wuld clearly
be unable to cope with this type of situstion.

Inspection of Figures 17, 18, and 19 shows that at any time up to
about 100 days post-irradiation the survivance of MEA-treated mice ism greater
than that of PAPP-treated mice, which in turn is greater than that of ocontrol
mice receiving vehicle only. Thms, based on survivance, we would oonclude
that, in this range of drug and radiation doses, MEA protects more effective-
ly than PAPP against high-energy protons!

Sammary

1. Previous studies of radioprotection against LlO Mev proton radiation
have been replicated and extended confirming the original conclusiom
that pre-irradiation treatment with MEA and PAFP are able to reduce
30-day mortality in crl nice.

2. A new assay parameter, survivance, defined as the time integral of the
fractional number of snlmels surviving to a given time, iz introduced
and several of its properties and intended uses discussed qualitative-

ly,

3. Judged on the basis of the survivance at 100 days, MEA protects more
effectively than PAPP against LLO Mev protons.
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THE INFLUENCE OF EXPOSURE TO LOW IEVELS OF GAMMA (R PAST NEUTRON
: IRRADIATION ON THE LIFE SPAN OF ANIMALS

II, Oross and Microscopic Patho in Mice Civen Chemical
o ve 8 or rra on

D. Vesselinovitch, P, Fiteh, D, G. Oldfield,
V. n“k. l!l’ JQ Mn

. This rt concernss Autopsy and histopathological findings in the
tissues O e mice given 2-mercaptomcthylamine (MEA) or

phenone (PA»% prior to whole-body irradiation with high-snergy (LLO Mev
protons or x=riys. ’

Imediate or ultimate ne?icauon of the results: Information is
neeoded concern r ve blolo ectiveness of high-energy protons
in mammslisn systems. Having begun studies to obtain information of this type,
it was advantageous to concurrently evaluate the ability of chemical radio-
protective agents to prevent damage to such systems. In addition to the practi-
ocal value of such studies, they are of considerable theorstical interest with
regard to the relationship of LET to radiation injury and to the mechanism of
action of the chemical radioprotective agents, The studies described in this
report constitute part of a program designed to provide information on the blo-
logic effects of high-energy proton irradiation, protection against these ef-
fects, and a comparison with results obtained using radiations having other LET
v::n;s (10-50 Mev electrons, relativistic neutrons, lower emergy protons,
eUBe)e

FRBERERUSN

Previous studies describing histopathological findings in the tissues
of proton~irradiated animals have been designed primarily to investigate the
therspeutic value of such radiation in the treatment of malignancies and for
radiosurgery. As a rosult, the information obtained concerns mainly the ef-
fects of partial-body loecalised irrediation rather than of whole-body exposure,
The possible uses of the unique properties of high energy protons, deutsrons,
and alpha particles in oncology, neurology, etc. lmve been discussed by Wilson,
Tobias, Falimer, and others (1-7) in reports which include descriptions of the
pathologic effects of proton beam irradiation of the pituitary, hypothalmus,
and of other parts of the central nervous system. A comparison of the cataracto-
genic effects of protons and alpha particles in the moniey has been provided by
the studies of Zellwer and Allen (BY.who conclude that the RBE for cataracto-
gonesis is about 2,0 for proton irradistion and about 1.0 for alpha radiation
relative to cotalt-60 guama radiation, Warshaw and Oldfield (9) found that 90
Mev protons are about two times as effective as 250 Kwp x-irradiation in re-
ducing the weight of the spleen and thymus of whole-body irradiated IAF, mice.
The only other whole-body proton irradiation studies with which ve are iar
are those of Tobias, Anger, and lLawrence (10) who used strain A mice exposed
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to 315 Mev protons and Kurlyandyskya and coworkers (11) who irradiated white
male mice with 660 Mev protons. Because of the apparent scarcity of infore
mation ooncerning the histological effects of whole~body proton irradiation
in animals, it was of interest to carry out both gross .and microscopie exsmi-
nation of the tissues of mice exposed to LLO Mev protons in one of the current
programs of this laboratory. o

The studies presented in this report comprise the initial observations
made in those mice dying within 30 days after exposure to either protons or
x=rays. A relatively small mmber of the animals exposed to each of the dose -
levels of either protons or x-rays have been examined and only those which were
exposed to the higher radiation dose levels are presented in this report. Ad-
ditional studies have been carried out in which groups of mice exposed to either
Ll Mev protons or 250 Kvp x-rays have been serially saorificed during the ini~
tial post-irradistion period, and it is plammed to extend these studies ¢o0 in-
clude an investigation of the pathogenesis of some of the delayed effects of
sxposure to the two types of radiatiom.

Materials and Methods. Detailed descriptions of the physical and bio-
logical methods emplcyed in the irradiation of the animals have been presented
in a previous report (12). All of the mice used for the present study were CP
adult males (15 to 19 weeks of age) selected from several shipments, randomised,
and assigned to the various protected or control groups shown in Table 1, Only
a small fraction of the animals exposed at each dose level were included in
these studies and only those dose levels which produced sppreciable mortality
within the 30 days after the radiation exposure have been investigated. The
tisgues of irradiated mice were obtained from animals which died during the
first 30 days after radiation exposure or which were sacrificed in an obvicus-
1y moribund condition, During the post-irradiation period, the cages were in-
spected twice dally for dead mice and autopaies were carried out on all of the
dead animals except where post-mortem autolysis made this impractical., The
following tissues were routinely taken for the histological examinations
liver, kidney, spleen, heart, lungs, thymus, testis, lymph nodes (mediastinal
and mesenteric), dudoemm, pencreas, and stermm. ‘The tissues were fixed in
neutral buffersd formalin, embedded with paraffin, and stained routinely with
hematoxylin and eogin. Frosen sections of the liver of most of the animals
were prepared and stained with 0il Red O for fat. Sections of some of the
hearts vere stained with Prusszian Blue for hemosiderin and occasional sections
of the liver, kidney, or lung were stained with methylene blue for bacteria,
Several sections of the spleen from these snimals and some 6f the bone marrow
sections were stalned with Asure-eosinate. :

i

<2

' agug on %m TIndings gho
are summarized in Table 2. The most frequent pathologic finding

at autopsy in these animals was hemorrhage in the form of petechiae or echymosis
involving rather large arcas of the affected organs. The organs most frequently
involved were the lungs, testis, brain, lymph nodes, and adrenal glands. Hemor-
rhages were also o - 4in various parts of the gastroihtestinal tract (in-
cluding the liver), in the urinary bladder, kidney, sbdominal subcutaneous




TABIE 1

NUMBFR OF A NIMALS FXAMTNED AND MEAN TIME OF DEATH'
YOR VARIOUS FROTON DOSES AND CHEMICAL
PROTECTORS

Proten Radiation Dose

Pre-irradiation
Treataent
Group I Group II Group III Group Iv
0 rad 939 rads 820 rads 702 rads
Propylene glycol plus Sb 7 6 1
Hy0 1 8 1 9
5 6 3 6
Water n 9 1 16
3 6 2 2
MEA 1 10 1 18
S 6 3 2
PAPP 1n 17 n
5 L X ) L X1 L X4
None 11

80 r sacrifice.

qu- post-inJection.,

s
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TABIE 2

IN PROTON-IRRADIATED MICE

FREQUENCY AND SEVERITY OF MAJOR GROSS R THOLOGIC FINDINGS

Proton Radiation Doses

Major Gross Pathologic Chemical Protectors
Fihdings Group I |Group II |Group III |Group IV
O rad |[939 rads [ 820 rads | 702 rads
Propylene glycol o/s 3/1 2/6 0/1
and wvater b,b,b a,b
Water o/s L/6 1/3 2/6
Hemorrhagic foel in a,a,a,b a 2,8
liver and lungs MEA o/s 2/6 2/2 1/2
a,b s,a a
PAPP e/s 2/6 1/3
a,a a
Nm ! 0/ 5 LX.X) een ceo
Propylene glycol o/s 2/7 3/6 1€1
and water a,d a,b,e
Hemorrhages in the
testis and sometimee Water o/s i/g 1/3 3£6b
mesenteric lymph node a a
. adrenal, bladder, | MEA o/s 2/6 1/2 0/2
G.I.T. corv. l.n., byb 'y
kidney PAPP o/s 3/6 1/3 1/2
b,b,b ‘ .
Non. 0/5 ocen L X X+ X X-]
Propylens gyl | 0/5 | 1/7 3/6 /1
. and water b a,a,b
Patchy hemorrhages Water o/5 1/6 0/3 1/6
- 4n the brain a a
MEA o/s 0/6 1/2 0/2
a
PAPP o/s 2/6 1/3 1/2
a,a a a

a = mild, b » moderate, ¢ = makred, d = very marked
H




TABIE 2-=Contimed

Proton Radiation Doses
Major Gross Pathologic Chemical Protecto :

Findings . e Group I |Group IT |Group IIT | Group Iv
0 rad ‘929 rads | 820 rads | 702 rads

Propylene glyocol 0/s /7 1/6 oA

and water b s

Water o/ 0/6 0/3 3/6

a,8,8

Tatty livers | MEA o/s 1{6 2/2 0/2

. a,8
PAPP o/s 1/6 2/3
2,8
None ’ 0/ 5 oea eeo Y}
Propylens glycol o/s 11 | o/ o1
and wvater a ‘ ‘

Water - ofs | o/6 o/3 1/6

a

Neerotic liver MEA | o/5 0/6 0/2 0/2

- PAPP ’ o/s | o6 | ofs 0/2

None . 0/ 5 seo seo eoo
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tissuoy and oven in tne heart oif 3 few antiials glven the highest doues of
whole-body proton radiation, Another frequunt finding was modorzte to mmrked
fatty change in the liver. Ome of tho zulanils in each of tha high Jdoso l:ovel
groupe had pin-point grayish nodules in tie liver. There vies s soft stone in
the urinary bladder of one mouse giver the lizhwnt Cosc of protom radiation
and an absceas-like losion was soon in the ophthalnic lobe of the braia in s
mousc from the group given 702 rads of protons.

‘rha major gross pathologic findings in the x-irradiated mice are suma=
rised in Table 3, Hemorrhages similar to those seen in the p'oton-irudiated
arimals were seen in many of the x«-rayed mice. The organs most frequently in-
volved were the btrain, lungs, testis, and icidneys. Fatty livers, mostly of
mild degree, were also observed occasiomally and one animal had pinepoint
whitish spots in the liver, o

The spleen and testis weighte for non-irradiated groups of mice given
the various mre-irradiation treatwments 11 days befare sacrifice have been com-
pared with the values from the animals given 939 rads of proton radiation. The
results are presented in Figurcs 1 and 2. It can be seen that at death, both
spleen and testis weights are depressed relative to those of nmm~irradiated
animals. The fractional decrease found is greater for spleen than for testis
and there is no marked indication of any reduction in weight loss due to the
administration of the protective substances.

Microscopic findings in the tissuss of mice exposed to whole~body
o x=radiation with o without o treatment % chemical radiopro-
.nation sues of

ve croscoplo
fwaﬁﬁcmded in these studies are resented in Tables 4 and 5. The
major findings were seen in the spleon, bone marrow, liver, and testis.

eenn, Thers was mild to marked atrophy of the lymphold tissue in
all of groups axposed to high-energy protons and the severity of these
chmges appeared to be related to the radiation dose administered. An inter-
osting finding was the apparent faster recovery of the hematopoietic aysten in
. the animals given the rudioprotective agents prior to the proton exposure. The
recovery of the cells in the myeloblastic and erythroblastic series appeared
40 be more rapid in the mice given either the MEA or the PAPP prior to expo-
sure. Congestion of the spleen was marked in several animals at each dose
level of proton radiation, Extramedullary hematopolesis was present in the
spleens of all non-irradiated control mice in marked to moderate degree,
Extramedullary hematopoiesis was abseut or markedly reduced in all of the
non-protected proton irradiated animals, but was present in the mice mrotected
by edthe MEA or PAPP, Hemosideroais was noted in all of the mimals examined
and did not appear to be related in degrees to the radiation exposure,

In the x-rayed mice, there was atrophy of the lymphoid tissue but this
was less marked in the mice given the radiomrotective agents prior to the x-ray
exposure, The mice treated with PAPP and MEA exhibited atrophy of the lymphoid
tissue also, but recovery of the hematopoietic cells in these animals (pmr-tiou-
larly of the granulooytic series) appeared to be stimulated. The non-protected
x=rayed mice exhibited moderate congestion of the spleet. The non-protected
mios exhibited less extramedullary hematopolesis in the splcen than the mioce
glven either MEA ar PAPP., The pre-irradistion administration of the
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1, Spleen weights for unirradiated mice sacrificed
at 11 days post-injection, , and for mice not surviving 939 rad
protons, O . Standard deviation, 00 , of individual values from
mean shown for unirradiated mice,



Testes Weight (mgm.)

260 - E
— B
» |
& 2
a0l & ‘(
—
&
220 .3
—
. N . 10|
o || S
] 70 |
W= | | o
: lo] 0
o 8
16q— a ') 8
Ny o)
©]
140 P o
© 8
120 — © O
. Ke)
100

Pigure 2. Testes weights for unirradiated nice sacrificed at
11 days post-injection, and for mice not surviving 939 rad protoms,
O . Standard deviation, b o of individual values from mean shown for
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FREQVENCY AND SEVERITY OF MAJOR HISTOPATHOLOGIC FINDINGS
IN X~IRRADIATED MICE

Chemical X«Radiation Dose
Major Histopathologic Findings Protectors ‘ 666 rads
Splesn PG + 0 Wi oe,0,8
rophy of the lymphoid H0 i‘% €50yC
tissue MEA b
PAPP 2/2 a,b
Mysloblastic cell recovery FO + 1,0 o
perticularly in the spleen :32 02
2 Cy0
PAPP 2/2 v,e
FG + Hy0 g;l; b,b,0
H b,b
Congestion of the spleen Mg : /g »
PAPP 0/2
Bone marrow PG + H)0 3/3 c,c,4
H,0 2 g,d
Hypocellularity 0/2
PAPP 1/2 a
Pg + H20 ‘ 0
0 (¢}
Myeloid hyperplasia e 2/2 ¢,d
PAPP 2/2 b,b
O + Hy0 3/3 ¢c,c50
Congestion of the bone H,0 2 ¢,0
narrow MEA 12 v
PAPP = 1/2 a
Spleen PG + Hp0 e
Ho0 1/3a
Extramedullary hematopoiesia }é& 2/2 b0
PAPP 2/2 o,0
PO + Hy0 3;!; u,;,b
4,0 3/3 a,b,b
Hemosiderosis N 0 /g »7e
PACP 0/2




TABIE S-=Continued

Chemical X-Radiation Dose
Major Histopathologie Findings  Protectors 666 rads
Thyms FG + H0 :"I’.;lh ;,c
Atrophy of the thymus re Jo
PAPP 0/0
Liver 70+ Hy0 3/ a,b,b
Irregularity in sise and ’m 32;3 :::.b
shape of the nuclel PAPP /3 e
PO + H,0 2/h v,e
0 2 1/ b’
Focal necrosis k‘ lé .
PAPP 1/3 d
PO + Hy0 14 b
Focal hemorrhages in the 0 o/
1iver 3\ lé a
PAPP o/3
Testis FG + Hy0 . o/4
0 2 a
Focal aspermatogenssis % 22 ::b
PAPP 3/3 a,b,d
FQ + H,0 /4 b
I P /38
Congestion K o /g
PAPP 0/3
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radioprotective agents thus appesared to enhance aih'mdulhry hematopoiesis
in the x-rayed =i ce,

Bone marrow. All of the mice exposed to the proton radiation exhibited
hypocellularily of moderate to very marked severity. The effect appeared to be
directly related to the administered proton dose and was less severs in the
mice pretreated with the radioprotective agents MEA or PAFP befare the redi-
ation exposure. In the bone marrow sections from the mice given 820 o 939
rads of protom radiation, the only cells which remained in several areas ex-

amihed were the sinusoid lining cells, a few phagocytes and some quite abnarmal -

megakariocytes. Other areas contained also a few plasma cells., Congestion of
the bons marrow was another frequent finding in the proton-irradiated mice and
the pre-irradiation administration of PAPP and MEA decreased the severity of
this effect. The administration of the radiomrotective arsents apreared to
stimulate recovery of the cells, particularly the myeloid elements. PAFP ap=
peared to be somewhat more beneficial in this respect although there was little
significant difference in the final histologlcal effects in the animals given
the two sgenta, Recovery was also observed in some of the animals given the
lower dose (702 rads) of mrotons, 4

The x-rayed mice also exhibited hypocellularity and congestion of the
bone mrrow, These effects were less marked, however, in the mice pretreated
with either MEA or PAPP. There was also enhanced recovery of the ocells in the
bone marrow sections from the MEA and PAPP-treated animals but comtrary to the
effects seen in the proton-irradiated animals, MEA appeared to be mare effective
than PAPP in promoting recovery in the x-rayed mice.

us. Atrophy and congestion were frequent findings in the thymus
of the proton irradiated mice, The radioprotective pretreatment partially pre-
vented theese changes and cellular recovery in this tissue appeared to be somee
what accelerated. Lymphadenitis was observed in one of the mice given 702 rads
of proton radiation, and one other animal given this dase exhibited an abscess
in the mediastinal fat. The histological effects of the proton irradiation in
the mesentoric and mediastinal lymph nodes werc similar to those seen in the
thymus except that the lymphold atrophy was of'ten accompanied by severe sinue=-
0ldal dilatation and occasional hemorrhaging. These changes were also less me-
vere in the mmimals piven the MEA ar PAPP pre-irradiation treatment.

Mild to moderate atrophy of the lymphold tissue of the thymus and lymph
nodes was 8180 observed in the mice exposed to whole=body x=irradiation and
these chances were again reduced in severity in the mice given MEA er PAFPP prior

to the x-ray exposure. :

Testis. There was atrophy of the seminiferous tubules in the mice
given 707 rads of proton radiation with or without the radioprotective treat~
ment. Focal aspermatogenesls of some of the tubules was present in a few of
the animals given 820 and 939 rads of proton radiation. One of the animals
pretreated with PAPP which survived for 3l days after 939 rads of proton radi-

ation exhibited a nearly complete aspermatogenesis. There was a marked decrease’

in the number of germinal cells and in some tubules only the Sortoli cells re-
mained, while in others bizarre spermatogonia and spermatocytes together with a
decreased number af sperm were present. Mitotic fipures were absent in the
cells of many tubnles and markedly decoreased in others, Most of the sections
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from these animals exhibited a mixture of attophic and sctive weninilerous
tubules, ocoasionally oontaining bisarre multimicleated vellw, PMindings in

the nios given 820 and 93° rads were similar %o those rooeivisy 708 rals, exoept
for fower munbers of mature spematide and uatuvre speth- The .sasb dmiage ap-
peared %0 be in \he testis of the nioo given the protestive agunte pricy to proton
exposure. In addition to the tubular ¢ Yharo was 0leo sevurse oongustion
of the intorstitial tissue and hemorrhage lving thu tunics albioa.

‘Focal aspsrmatogenesis was observed in the teetis of a few of the
x-rayed mice and in all of the x-rayed animals which had been given either
MEA or PAPP prior to the radiation exposure, The severity of the changes ap=
peared to be greater in the protected group of mice. Comgestion of the inter-
stitial tissue was also noted in the x-rayed mice given 666 rads. The findings
in these animals were generally simllar to ithose seen in the mdce given proton
irradiation.

liver. Most of the animals exposed to the proton radiation exhilbd.ted
vacuolization of the cytoplasm of the hepatic cells in the peripartal regiom.
Simlar changes were noted in a few of the control animals. The scctions of
the liver of mice which exiibited these changes stained positively fa fat with
011 Red O, Another frequent finding in the proton-irradiated mice was mild to
nodercte irregularity of the hapatic cell nuclei. Both hyperchranic and pale
nuclel were observed and there were scattered foci of necrotic cells with
hemorrhage in sections from several of the protom-radiated mice. The hemor-
rhagic lesions were reminiscent of peliosis hepatlc in humans in that there
appeared to be dissolution of the liver framewark with subsequent £illing of
the spaces with blood.

Vacuolization of the cytoplasm was seen in the hepatic cells of most
of the mice exposed to the whole-body x-irradiation. These sections also
stained positively far fat with Oil Red O. The sise and shape of the muclei
varied considerably in the x-irradiated mice and there was moderate to marked
focal necrosis in several of the liver sections. Massive focal hemorrhages
similar to those seen in some of the sections from the proton-irradiated mice
were observed in sections from one mouse which had been given 666 rads and in
another given MEA prior to ths x-ray exposure.

Heart. Some of the mioe given 939 rade of proton radiation oxhibited
a browmish granular pigment in the atriovehntricular valves, atrium and endo-
cardium of the right ventricle and similar chanres were also noted in the
hearts of some of the animals which received the 820 rad sxposure. Although
this pignent appeared to be similar to hemosiderin iy ::orphology, colar, eic.,
it d1d not stain with Prussian Blue. There were subexlocardial hemorrhages
in a few of the amimals given a proton dose of 939 rads, and one animgl given
820 rads exhibited an inflammatory node in the pericardial fat.

Focal subendocardial hemorrhages and brownish pigment in the atrium
and endocardium of the heart were seen in several of the x-irradiated animsls
in both the control and protected groups of mice.

Braine. Focal hemorrhages were observed in the cerebral and cerebellar
gray matter of some of the proton-radiated animals. Hemcrrhages confined to
the subdural space were also noted in these animals. Only a few of the xerayed
mice exhitd ted hemarrhages in the train, and all of these were subdural
hemarrhages.
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Lunp. Peribronchial and perivascular accumulations of chronic inflam-
matary ¢ were mresent in mild to moderate degrce in most of the control
mice and in same f the proton-radiated animals, Acute and chronic bronchitis .
and pneumonitis were also observed in a few of the control and proton-irradiated
animals at all domse levels. The severity of the lesions was greater in the
irradiated animals, although the frequency of occurrence was smaller, M:ild to
very marked congestion was a rather frequent finding in the irradiated animals
and vas present at each dose level. It anpeared to be somewhat less marked,
however, in the mice pretreated with either PAPP or MEA prior to proton irradiation.
Atelectasis, hemosiderosis, and edema were also observed in a few of the animals
examined and did not appear to be related to either the dose of protons or the
rre=irradiation treatment with the radioprotective agents.

Acute and chronic bronchitls and pneumonitis was obgerved in the x-rayed
mice with or without the pre-irradlation protective treatment. Congestion was
also a frequent finding in thmse animals and did not apoear to be related to
the administration of the protective agents.

Kidncy. Perivascular accumulations of chronic inflammatory cells were
observed In a few of the proton-irradiated animals, Extramedullary hemato-
poiesis was seen in one animal given 666 rads. Congestion was found in sections
from a few of the animals and most of the mice exhibited some degree of terminal
bacteramia,

Discussion

The pgross and microscopic observations presented in this report were
carricd out in an effort to determine whether significant differences exist boe
tween the pathologic effects of whole-body expcsure to high-energy proton radi-
ation and those of xeradiation, Although relatively few amimals were exarined
at each of the dosage levels included in these studies; it seems 1likely that
differences in the pathologic effects of the two typee of radiation are more
quantitative than cualitative, The evaluation of the effects of the proton and
x-ray exvosures is camplicated by the fact that in the rresent studies obser-
vations were made in terminal mice. Additional studies have been carried out
in which the irradiated animals were sacrificed serially in time, and it is
anticipated that examination of trese mice will provide information concerning
the pathogenesis of the lesions cbhserved in the present studies,

The major effect of the acute proton exnosure in the present studies
was atrophy of the lymphold tissue in the spleen, thymus, and lymph nodes;
hypocellularity of bone marrow '7as also maerked. Both of thesa effects were
seen also in the x~rayed mice, Of particular interest was the finding that
there was an enhanced hematopoletic recovery in the mice which were given
radioprotective a-ents priar to either the proton ar x-ray exposure, MEA and
PAPP stimulated recovery of botl: the myeloblastic and erythroblastic elements,
and, although the differences vwere not marked, PAPP appeared to be more effective
in this respect in the proton~irradiated mice while MEA appeared to offer some
advantage over PAPP in the x-rayed mice. These differences suggest that there
may be simnificant dfference; in the ability of the two agents to protect
against radiations of differeit LET valuss, and they tond to support the ree
sulta(of)the martality ard leagevity studles deseribed elsevwhere in this re-
port (13).
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Another najor pathologic . finding in tbe presemt studies was the
atrophy of the seminiferous tubules in the irradiated animals, The injwry
of the seminifercus tubules in the proton-irradiated mice was more severe in
the group given 702 rads than in the mice which received the higher doses.
This unexpceted finding is probably due in part to the differences in sur-
vival time and cousequently in the time at which the mice were examined after
the proton exposure., Although the existence of testis radiosensitivity has
been known for almost 50 years (1), the detailed pathogenesis of this injury
has been described only relatively recently (15,16,17). The studies of Hsller
(18) demonstrate that x=-ray deses of 350 r result in loss of svermatogenesis
by the ninth post-irradiation day and disappearsnce of spermatogonia by the
end of the sccond poste-irradlation week, In the present studies, thers was
only a slight reduction of spermatogonia and spormatocytes in both the proton
and x-irradiated wice. The testicular atrophy was more marked, havever, in
¢he mice which had been given either of the radioprotective agents prior to
the radiation exnoswre. However, there was little indication from the changes
in the testis weight in the protected and non-protected mice that MEA or PAPP
either prevented or enhanced the radiation injury. Frevious stwdies by Kaplsn
and Lyon (19) and by Maisin et al. (20,21) have indicated that MRA does not
protect germ cells against x-ray injury whereas those of Mcndl (22) and Wang
ot al. (23) suggest that MEA inhibits the transient sterilizing effect of

ng radiation.

The third major finding of the present studies was hemarrhage and cone
gestion in the lungs, testis, train, liver, various parts of the gastrointesti-
nal tract, and elsewhere. The changes in the liver were of particular interest
gince the marginal hepatic cells were usually of norwal appearance and thickmess
and there was no marked alteration of the architecture. The hemorrhagic pools
seen in this tissue arc similar to those seen in peliosis hepatis in humaus
for which inflammatary changes, liver cell necrosis, and a variety of other
factars have been implicated in the pathogenesia (2!:~27). Kent and Thompson
(28) have sugpested that both general and local factors play a role, and that
the development of the blood pools follows dilatation of certaln groups of
sinusoids. 4

Thewstudies described ia this report must be considered to be prelimi-
nary in nature because of tha small number of animals examined, variatiom in
time of examination after exposure, and the relatively small ranpe of radiation
dose levels considered. Additional experimental material from both the first
and second proton studies is currently being processed, and the results of the
examination of these tissues will be presented in subseauent reports.
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THE INFLUENCE (® EXPOSURE TO LOW LIVELS (OF GAMMA (R FAST NEUTR(N
TRIADIATION ON THE LIFE SPAN OF ANIMALS

IJl. Studies on the Toxdcity of Rare Earth C ds and
Thelr Influence on mﬁlon !Eﬁ'iﬂog

David W. Bruce and Kemmoth P, DuBods

This report concerns: Further studles on the acute intravenous tox-
icity rare earth compounds of the lanthanon series and in particular
studies concerning the e{fects of praseodymium nitrate on intermediary me-

tabolisn when administered alone or in combination with whole body x=irradi-
ation.

Txmediate or ultimate anplication of the results: Because of the in-
crease 17 the Industrlal W Taation of the Fare sarth Gompounde, mare infor-
mation is needed on their toxicity. Enually important is the effect of simml-
taneous exnosure to rare earth compounds and ionising radiations tmt could .
result from a nuclear reactar accident, It is anticipated that this progranm
will provide information on the toxicity amd biological activity of these
compounds snd some of the problems that could arise from simultaneous exposure
b0 radistion and fission mroducts,

LR 2R N I B IR 4

Studies on the acute intravenous toxicity of the rare earth nitrates
(1,2) have shown they are highly taxic and that a sax difference exists with
respect to the light lanthanons. The ionized salts of cerium, praseodymium,
neodymiun and samarium were found to be 7 to 10 times more toxic to female than
to male rats. In addition, it was found that sublethal dases of whole body
x=irradiation (50 r to 500 r) increased the number of observed mortalities 3L%
to 63% over the martality resulting from the intravenous administration of 2
mgn./kegm. of praseodymium alone as the nitrate salt (3). In studies using each
animal as its owmn control, it was found that intravenous administration of 2
mgn.cgm. and 4 mgm./kgm. of praseodymium caused a proportionsl decrease with
respoet to time in the blood glucose of female rats during the 12 to L8-hour
period following administration. At any given time during this veriod the de-
crease in blood glucose after L mgm./kgm. was twice that seen after the adminis-
tration of 2 mgn./kgm. X-irradiation (500 r) was found {0 augment the decrease
in blood glucose 2L hours after 2 mgm./kgm. of praseodymium (3). Placing female
rats on a high carbohydrate diet by the administration of a sucrose-saline so-
lution ad libitum prior to the administration of praszeodymium resulted in mm
anparent decrease in the toxiecity of this compound. Daily administration of
testosterone propionate (5 mgm./kgm.) for a period of 30 days pricr to 2 mgm./
kgn, of praseodymium also prevented or modified the resultant decrease in blood
glucose normally geen after adninistration of this compound (3).

Materials and Msthods, Adult, male and female Sprague~Duowley rats
weighing 200 to 270 grms were employed for these experiments. The animals
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were housed in air-conditioned quarters and given Rockland Rat Diet and water
ar spccially prepared agueocus solutions containing 5% dextrose, 107 dextrose,
104 sucrose, or 10i fructose ad libitum. Unneutralized aqueous saline so-
lutions of prassodymimm nitrale were administored intravenously by tail veing
control animals received an equivalent volume of saline equal to 0.1% of the
total body weight.

Blood glucose (total reducing value) was determined by the method of
Folin and Malmros (L) erploying the micromodifications of Park and Johnson (5).
Serial samples of whole blood (0,05 ml, in duplicate) were obtalned by secticne
ing the tail under local anesthesia. Glucose-G-phosphatase activity of the
liver of male and female rats was determined by the method developed in this
laboratory by DuBois et al. (6). The test system contained 0.15 ml. of barbital
buffer (pH 7.l4), 0.15 ml. of glucose~bmphosphate (10 mgm./ml.), 0,05 ml. of
0.0l M MgCl,, 0.1 or 0.2 ml, of 2.5} liver homogenate and sufficient distilled
water to make a final volume of 0.65 ml. The sanples were incubated at 38° C.
for 30 minutes and the reaction tarminated by the addition of 0.1 ml. of 50%
trichlaroacetic acid, The activity was expressed as micrograms of phosphorue
liberated per S5 mgm. of tissus per 30 minutes. Phousphorus was measured by the
method of Fiske and Subbarow (7;:3

Y=-irradiation was adminiastered as a single, total body exposure with. a
Go E, Maximar therapy unit. The radiation factors were as followss 250 KVP,
15 ma., 0,25 mm. Cu and 1 mm. Al added filtration. The target-animal diatance
was 75 cm. and the dose rate was 35 r to 36 r/minute as measursd in air with a
Victoreen ionization chamber,

The nitraste compound used in this study was cbtained frem Lindssy
Chemical Company, West Chicago, Illinols and the sodium salt of gluccee-6-
phosphates from the Nutritional Biochemical Company, Cleveland,; Chio.

Rezults

Effect of intravenous praseodymium nitrate on the blcod glucose of
male rats. Previous studles a thiz laboratory (2) demonstrated that intra~
Venous administration of an apmoximate IDgg of praseodymiun (2 mgm./kgm.) as
the nitrate salt caused a marked decrcase 1n the hlood glucose of female rats
but had no significant effect on the blood glucose of male rats, Far thie
reason it was of interest to sze whether a similar effeect on blood gluccee
would be obtained if a dose of this rare earth metal approximating the mSO
25 mgm./kgm.) was given to male rats,

Figure 1 shows the effect of 20 mgm./kgm, and 30 mgm./kgn. of praseo=
dymium on the blood glucose of male rats. The values are ploitted as per cent
of the initial blood glucose values, Each animal served as its own control
and each noint on the curve represents the aversge valuez obtained for groupa
containing at leagt fouwr animals, The control values in each rat were obtained
2 hours prior to praseodymium administration. Serial samples were alseo obe
tained from control animals at cach 2l=hour peried.,

In contrast to the decrease in blood glucose observed in female rais
no appreciable chanpe and perhaps a slight increase in blood glucoss was obe
served in rats receiving 20 mgm./kgm. at the 72-hour test period. In spite
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Figure 1, Effect of intravenous praseodymium

nitrate on the blood glucose of male rats-
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of the results obtained 204 of the animals given 20 mgm,/kpm. and 30 mgm./kgm.
succumbed during the first 72 houwrs while 407 of the total number of animals
receiving 30 mgm./kgn. died betwsen 72 and 120 hours post-injestiom.

Effect of intravenous preseodymium nitrate cn the blood glucose of
female rats receiving dextrose, sucrose, and fructoss ad libitum., In previous
studles (8) 1t was :i.‘ound that a 1UZ suorose-saline solution administered ad
1ibitum to female rats priar to the intravenous injection of praseodymium re.

toxicity of the campouid by approximately onc-half. .. Because of the
marked decrease in blood glucose observed after adrdnistration of 2 mgm./kgm.
of praseodymium (6), these studies were conducted to detemmine the effect of
ad ibitun aidministration of sucrose, dextrose, and fructose on blood glucose,
The aqueous solutions were given five days prior to the intravenous Injection
of 2 mgn./kgmo of prasecdymium as the nitrate salt and contimued throughout
the test period; control blood samples and serial samples were oblained as
previously describad.

The effect of ad libitum edminlstration of dextrose cn blood glucose
is shown in Figure 2, “The values for control animals receiving either 5% ar 103
dextrose ar water are not significantly different from each cther or from their
initial control values, Although the amount of 5% dextrose consumed by each
andimal during any given 2li-howr reriod ranged from 2 to 3 grams, the dietary
modification did not change the hlood glucese picture observed after adminls-
tration of praseodymium alohe. The average values were 77% and 413 of the ini-
tial control values at 24 and k8 hours respectively. Two of the fowr animals
succumbed during the L8 to 72~howr period. In contrast, the four animals re-
ceiving the 104 dextrose solution survived the critical time peried and no
significant change from initial blood glucae coatrol values was foumd at 2l
hours, the average was 72% of the initial value at 72 hours. The average in-
take of 1075 dextrose far each aniinl during each 2L-howur period ranged from
6 to 9 grams.

In Rigure 3 is shown the resultant blood glucese after adwinistration
of 105 fructose and 10% sucroze ad libitum. The veriation in control values
from each otber and from initlal control values is approximately the same as
found in the control animals receiving dextrose. The administration of 10%
fructose afforded no protection against the decrease in blood glucose caused
by the edministration of 2 mgm./kpm. of praseodymium., The blood glucose averw
aged 805 and 61% of the initial control values at 2L and L€ hours respectively.
This is almost identical with the values of 82% and 59% obtained 2l and 48
hours, resrectively, after praseodymium was given withoub dietary modifications
As in the . case of the 10% dextrose, the average intake of fructose far any
2hi~howr period was 6 to 9 grams for each enimzl. Two of the fowr animals died
during the ii8 to 72-hour period. Rach of the animals that reeeived the 108
sucrose conmmed between T and 10 grams per day and all animals survived the
test period, Twenty-four hours after prassodymium the blood glucese was T6%
of the initial control value; however, it decreased only 5% 4o 71% of the ini~
tial control value at L8 hours, All of the sugar solutions secemed to enhance
the recovery of the blood glucese of surviving snimsls,

Effect of intravenous prasecdymium snd whole body x-irradlation on the
glucose=t-phosphatage activity of llvers cf male and female ratz. In studies
on the glucoge-O-phosphatase activity of adult mals and femaie rats, DuBois
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ot al, (6) found the enzyme activity to be 295 lower in female rats., Similar
results were obtained by Shull and Bautisa (9) who found in addition that
daily treatment of female rats with 10 mgm. of testosterone propionate for a
period of two weeks increases the activity of the ensyme to almost the level

of normal males, Previous studies in this laboatory (3) demonstrated that
admiunistration of testosterone propionate, 5 mgm./day for a period of 30 days,
prior to the iutravenous administration of 2 mgm./kgm. of praseodymium modified
or prevented the decrease in blood glucose during the 2 to 72-hour period
following rrraceodysimm,

The results of administration of praseodymium and x~irradiation on the
glucose-6=phosphatase are shown in Table 1. Duplicate assays were made with
and without the addition of magnesium and the results are expressed as the
mean plus o minus the standard deviation. The values obtained fowr hours
after the intravenous admimistration of L mgm./kgme of praseodymium ar 24 .
hours aftar 500 r of x-ray do not differ significantly from the control valwes.
An 18% to 25% decrease in glucose-6-phosphatase found 2 hours after praseo-
dymium when piven alone or in combination with x-ray may in part be attributed
to the accumulation of fat in the liver,

The glucose=bmphogphatase activity of liver of male rats was reduced
to the control level observed in females at L and 2k hours after intravenous
administration of 20 mgm./kgm. of praseodymium., Whether or not this decrease
is of any significance, studies in this report would suggest that it is not
sufficient to have an effeect on the blood glucose of male rats,

Influence of whole bo:%radiation on rare earth toxicity., Continuing
studies (3) on the Influence of varying doses of whole body x-irradiation on
mortality in female rats receiving pruseodymium sre showm in Table 3. Groups
each contalning 5 or 10 animals were ziven rare earth nitrate or x-ray alone
ar in combination. Praseodymium nitsate was given 10 to 15 minutes prior ¢to
whole body irradiation. No mortalities occurred among the irradiated controls
given 500 r of x-ray nor among animils receiving 1 mgm./kom. of praseodymium,
One mgn./krm. of praseodymium when given in combination with 500 r and 300 r
of x-ray resulted in 33,37 and 20,05 mortality respectively. Further studies
are being conducted ¢0 more fully eviluate the combined toxlc effects of
praseodymiun nitrate and whole body :~adiatiom.

Discussion

The rasults of previous stud’.es on the acute intravcnous toxicity cf
praseodymiym nitrate indicated that :his compound 1s approximately ten times .
morc toxic to feamale than to male rats (1), PFrom our studies in femals rats,
it would seem that the magnitude of the observed decrease in blood glucose is
sufficient to produce mortality. Tie protection afforded by the ad libitum
administration of 103 dextrose and 'i0; sucrose tends to substantilate Thls
conclusion. These studies alaso surest that a diet high in carbohydrate is
necessary to mrevent mortality sinc: the intake of 2 to 3 grams of dextrose
did not prevent martality. The failure of fructose to protect against mor-
tality may be due to the differencc in metabolism of this compound by the
liver, Fructose conversion to fru:tose~l=-phosphate and subsequently to di-
hydroxyacetone phosvhate and glyce:aldehyde and possibly rlycerol might have
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TABLE 1

EFFECTS OF INTRAVENOUS PRASEODYMIUM NITRATE AND WHOLE
BODY X<-IRRADIATION ON THE GLUCOSE:H6~PHOSPHATASE
ACTIVITY OF THE LIVERS CF FEMAIE RATS®

Hours After Treatment

Treatment L Hours 2, Hours
Ne Mg Mg No Mg Mg
Saline controls 24,6 L guu 30,2 2 Lol
(8) (8)
Prascodymium nitrate |[2L4.7 % 1.16 |29.6 £ 2,15 |20.2 & 1.91 |22.6 & 1.51
(k) (L) (8) (8)
L mgm./kgn. metal
Saline plus 500 r 2h,1 X 1,99 | 29.7 X 2.6
Xeray (W) (L)
Praseodymium nitrate 19.1 ¥ 2,33 1 2hoh 3 2,52
li mgn./kgm. metal plus 4y (L)
500 r x=ray

35ach value given as the mean = the standard deviatiom.

bNmber of animals,
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TABLE 2

EFFECT OF INTRAVENOUS PRASEQDYMIUM NITRATE ON THE
QLUCOSE=6=PHOSPHATASE ACTIVITY OF THE LIVER
OF MALE RATS® .

Howrs After Treatment

Treatment y Hours 2l Hours
No Mg Mg No Mg Mg
Saline comtrols 29.6 X $:05 |37.0 = 3,66
(6) (6)
Prassodymium nitrate |23.5 & 1.82 }30.8 £ 2,46 {25,0 2 2,33 |31.7 £ 3.09
. 20 mgm./kgm. metal (L) (L) (L)

SEach value given as the mean 1 the standard deviation.

Dyumber of animals.

TABIE 3

THE INFLUENCE OF VARYING DOSES OF WHOLE BODY X~-IRRADIATION
ON THE MORTALITY OF FEMALE RATS GIVEN FRASEODYMIUM
NITUATE INTRAVENOUSLY

Treatment Mortality® ¢ Mortality
Praseodymium nitrate 1 rgm./kgm. IV 0/10 0.0
Praseodymium nitrate 1 mgm./kgm, IV

plus 500 r 5/15 3363
Praseodymium nitrate 1 mgm./kgm. IV
plus 300 r 2/10 20,0

%Iovrtality da:a based upon 1O-day observation perioed.
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an adverse effect on the toxioity of praseodymium. Studies by Snyder et al.
(10) showed that the fatty infiltration caused by cerium consisted principally
of neutral fat esters. The administratiou of an equitaxic dose of mrassodymium
to male rats had little effect on the blood glucose, The resistance of males to
this biochemical change may be of signifisande in their lesser susceptibllity
to prascodyrium,

The decreass in glucose-G-phosphatase activity in fesiale rats at 24
hours after praseodymium alone or in combim tion with x-irradistion may be the
result of accumulatiocn of fat in the liver since no effect was observed four
hours after administration, a time of maximum fixation of the ligh® lanthanoms
by the liver (11).

Surmary

1. Intravenous adninistratiou of 20 mgm./kgm. and 30 mgm./kgm. of praseodymium
as the nitrate salt caused no significent decrease in the blood glucose of
nale rats, This 1s in contrast to the marked decrease in blood glucose in
female rats caused by an equitoxic dose of this compound.

2. Evidence presented in this repart indicates that dietary intske of 6 to 9
grams par day of sucrose o dextrosge by female rats will prevent the more
tality resulting from the intravenous acdministration of 2 mgm./kgm. of
vraseodymium as the nitrate salt. Dietary intake of 2 to 3 grans of
dextrose or 6 to 9 grams of fructoss per day was ineffective in preventing
nortality. The results suggest that the mortalities are dus to the decreased
blood glucose,

3. Intravenous administration of 20 mgm./kgm. of praseodymium to male rats as
the nitrate salt reduced the glucoss-6-p-osphatase activity of the liver 17%
and 15% in 2L and LB hours after adwinistration, respectively. Four mgm./
kgm, praseodyrmium alone or in cambimation with 500 r of x~irradiaticm
had no effect on the gzlucose-&-phosphatase activity of the liver of femals
rats four hours after administration. Fatty infiltration of the liver may
account for the 18¢ to 25% decrease in activity found after 24 hours.

Le A 20} and 33¢ increase in mortalix was observed when a sublethal dose of

intravenous praseodymiwur (1 mgm./kgm.) was given 10 to 15 minutes price
to 300 r and 500 r of whole body x-irraciation.
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THE INFLUENCE OF EXPOSURE T0 LOW LEVELS OF GAMMA AND
FAST NEUTRON IRPADTATION ON THE LIFE SPAN '
OF ANIMALS

IV, Longevity in 1 Hyusid Uffspring of Irradiated Mice

Ann M, Budy, John H. Rust, D. J. Mewissen, and
Robert D, Boche

This report concorns: The longevity of the hybrid offspring from
mice after irradiation of the male cr fe¢male parents.

Immediate or ultimate aspplication of the results: This study was
initiated In thic laboratory™ several yoars ago to extend the available in-
formation on the offects of ionizing radiations on the offspring from ir-
radiated animale. While the work was in progress, a preliminary communi-
cation (1) and several progress reports (2-6) were vublished. From the
standpoint of the usefulness of the data obtained in this study, it seemed
appropriate to present it in a concise fom with appropriate statistical
treatment of the data-

* % o WK G 3

This experinent was designed to investigate the fate of hybrid off-
spring of an irradiated and a non-irradiatecd parent., The objective was to
ascertain whether a single dose of whole-body x-irradistion delivered either
to the mals or female parent would be follcwed by a change in the life span
of the progeny.

Since mutations induced by ioni: 1ng radiation ara mostly deleterious
and not completely recessive, it seemed feasible to determine their totsl
additive effect by a comparativs study of the relative fltness of successive
F} litters as measured by the life span,

The progeny from & firet mating of parents, prior to irradiation,
servad as the control group. Later progzenies were obtained from successive
matings of the same parents, after either the male or female was irradiated,
and served ap experimental groups.

Substantial indications of hammful influences are to be founcd in the
work of early investigators. Timofeeff-Ressoveky (7) studied "Vitdlitats-
matationen" from irradiated Drosophila nnd found this class of mutations to
be very numerous compared to lethals and 7isibles. Hertwig (8) irradiated

t

#This work was initiated at the University of Chicago Toxielity Labora-
tory under the support of the United States Atomic Energy Cormission, Con-
tract No. AT(11-1)-37, and continued at the University of Chicago United States
Air Force Radiation Laboratory, Contract No, AF‘-33(03§) »27353, with additional
funds from the Rockefeller Foun. auon for the Section of Nuclesr Medicine,
University of Chicago.
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the testes of mice with x-rays and recorded the mortality for the pre- and

post-sterility litters during the first 75 days after birth. She found an

increased mortality during this interval for litters conceived before the

'g:ut of the induced sterility, but much less evidence of this in the later !
tters. - |

Stern and Novitski (9) have shown that many recessive lethals have o
some deleterious visbility effects in heterosygous individuals. These via-
bility phenomena in Drosophila have been studied further by Stern et al., (10),
Moriwald et al, (n);'ﬁgﬁk"md Mukai (12), and Falk (13). -

Muller (14,15) has estimated reccssive detrimental mutational effects
in Drooo%h to be about 10f with 150 r exposure in the irradiated male.
Foster ¢ > (16) in a study of the effect of whole-body x-irradiation of
trout reported mortalities of 3.5% in controls as compared with LL.7% in
fingerlings from parents receiving 1,000 r.

Russell (17) reported reduction of life expectancy of offspring con-
ceived 19 to 23 days after exposure of male mice irradiated in a neutron flux.
Recently Spalding and Strang (18) irradiated male mice in each of ten gener-
ations and found that mice from the irradiated germ line were approximately
24% less resistant to protracted gamma-ray stress than were controls. The
data suggested that the inheritance of a genetic burden of recessive and/or
sublethal mutants was detrimental to gurvival under conditions of extreme or
abnormal envirormental stress,

Materials and Methods. In an attempt to investigate possible differ-
ences in tranamitting harmful effects, originating from either the male or
female parent following x-irradiation, the present study was divided into two
parts. The female parent was irradiated in one and the male paremt in the
other. The parents were males and females of pure inbred strains dba line 1
and C~57 Black subline 6 from Jackson Nemorial Laboratory, Bar Harbor, Maine.
They were four to five months old at the start of the experiment.’ Each pair
of parents consisted of a male or female C-57 mouse and a dbs mouse of the
opposite sex. The C-57 parent, whether male or female, was the irradiated
member in all groups. The two crosses are referred to as dba female X C-57
irradiated male and C-57 irradiated female X dba male.

The study was completed in two successive identically designed ex-
periments, series A and series B, which were started one year apart. The
purpose of the replicate (series B) was to increase the sample sizes for
appropriate analyeis,

In series A there were originally 1; dba female X C-57 irradiated
male matings and 15 C-S7 irradiated female X dba male matings. In sertés B
thcre were 29 dba female X C-57 irradiated male matings, and 30 C-57 irradi-
ated female X dba male matings. The parents were firat mated prior to ‘
x-irradiation and the offepring of this mating, i.e., the weanlings, served
as controls. In the second step of the experiment, at a S6-day interval
after the first mating, the C-57 parents--males or females--were given 200 r
of whole-body x-irradiation, using eithor a 250 KVP Kelekett or a General
Electric Maximar X-ray machine. Physical factors were 1,0 mm. of Al and 0.5
m. of Cu, 15 ma., 60 cm, source-target distance. The dose was delivered in
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three minutes in series A and four mimutes, twenty-four seconds in series B.
The animals were exposed in groups cf fiftean in perforated gelatin cells
placed on a slowly revolving turntable. Following exposure, the C-57 mice
were returned to their unexposed dba matos snd allowed to breed for temn days.
In subsequent steps of the study the same pairs, if still alive, wore mated

at 120 and 180 days after exposure. The total F; generation offspring of all
those matings were kept for the duration of 1ife in the same room, on the aver-
age of throe animals per cagse, under standard conditions of food, housing, and
maintenance. Sexes wore separated and litter mates weare kept together for the
duration of tha experiment.

Results .

Breeding. Breeding data are presented in Table 1. There were fewer
pregnancies, in most instancss, for each successglve mating when the irradiated
parent wvas the male. Thers were nc significant differences between the con-
trols and the 10-dsy mated irradiated famales in the number of successful
matings. Permanent sterility was induced in irradiated females within 120
days after x~irradiation. In groups where the male parent was irradiated,

the litter sizes decreased sharply in the 180-day mating,

The sizes of the litters were not statistically different in ths con~
trol and the 10-day of fspring from irradiated males or females.

Mortality. The mortality data ure presented in Table 2, in gaparate
seats for geries A and B. The groups of hybrids from matings vetwsen dba fe- .
male and C-57 irradiated male at 18C days post-irradiation were of small aize.
Since varisnce analysis did not establish a slgnificant differsncs in survival
times betwsen the 180-day and 120-day groups, it was decided to pool the progeny
from both matings.

Cumulative survival curves are presented in Figures 1 and 2 for control,
10~day, and pooled 120 + 180--day offspring from an irradiated mals, and control
and 10-day offmpring from an irradiated fsmale, respectively, Corresponding
groups from series A and B were pooled since variance analysis of life expect-
ancies at successive G-month interwvsls failed to rasveal significant differences
between such groups. Irradiation of the male parent appeared to reduce the lifs
span of the offspring (Figure 1), an measured by the mean curvival times, In
contrast, in the offspring from an irradidted female there was no evidence of a
decreased life expectany (Figure 2).

From the curves shown in Pigure 1, it was difficult to declde whather

- the mortality pattern of ths l0=day offspring was different from that of the

120 + 180-day offepring. Morsover, it zeamed of intereat to compare, on the
basis of respective mortality rates, various groups of mice of either sex, as

it is well known that female and male mice differ in this respect., Therefore,
computation of gomnertzian rates was carried out at successive 6-month interwvals,
ueing a method previously spplied by Sacher (19).

In control groups of either sex. variance analysis of life expectancies
at successive 6-month intervals showad no significant differences betieen groups
originating from cross-matings of non-irradiated parents. Thus control offspring
wae pooled by sexes to increase sample sizas.
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TABLE 1 i
BREEDING DATA
Number of -
a8 Average | Total
Groups Pmnmn::ea Total Born | jieven | Weaned | Male/Female
Series A
Control 13/l 7n 5.5 52 J/a
1 10 days 6/1L L8 8.0 Ls 23/22
120 days 3/m 16 5.3 1 8/3
180 days 2/9 6 3.0 6 u/2
Control 15/15 n9 7.9 n7 u1/70
1z .10 days 13/15 106 8.1 78 u1/37
120 d.,' 0/13 see see see coaseo
180 a’. 0/13 L X X-1 a0 ae e o009 ed
Series B
Control 20/2) 101 So1 78 35/43
10 days 15/2 66 bl 61 29/32
I 120 days 8/19 38 L7 32, 16/16
160 days 7/18 22 3.1 22 9/13°
Control 20/28 152 7.6 138 17/61
1y .10 days 23/26 178 7.9 166 /91
mdm 0, co0 X see ceeoo
180 d." 0/13 see X vee wovee

% roup I = dba femals X C-57 irradiated male, Group II & C.57
irradisted female X dba male.

Pvo animals escaped after veanixilg and were discarded,.
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TABIE 2 ..

MORTALITY DATA OF OFFSPRING FROM IRRADIATED
AND NON-IRRADIATED PARENTS

Series A Series B
Intervals F ;
(Months) 1 f L8 I bt
Male Femsle | Male Femole | Mals Femole |Male Female
Control 0 0 1 0 0 3 3 1l
0-6 10 days= 2 o 3 0 2 1 1
120 + 180 daya l} 0 X og 2 0 o0 X
Control 2 0 i3 2 o] 0 L 1
6-12 10 days 3 1 é 1 2 1 0 6
120 + 180 daye 0 Q oo . 8 1 s0 X3
i
Control L 10 [ 6 7 ik 6 28 g
1218 10 days 17 W [ 8 1 4 6 28 11
120 + 180 d&yﬂ 0 2 ! oo ) J-’.L ls sc oo
Control 15 5 31 1l 13 8 21 29
18=2 10 days 1 6 19 5 19 12 37 26
120 + 180 days 6 1 i oo se 1 5 so oo
13
Control 5 6 5 30 8 2N 21 21
2l4=30 10 days 0 3 S 20 1 9 8 27
120 + 180 daya 2 ? [ ce ao 0 6 s o oo
| Control 1 0 1 20 0 2 0 L
30 md 10 daye 0 2 0 10 0 . 3 o 18
120 + 1&) dayﬂ 0 0 oo oo Q 0 a0 03

Group I = dba femsle ¥ (=57 irradiated male.
Oroup II = C=57 irradiated female X dba male.




Per Cent Surviwval

1mn
100 F-T.:?\‘
Y :".‘ ~‘u~\
90 il 'M&‘=}§:?‘;\%.. \ .
\ dba female X C-57 male
80 p= s\
. kY “.
Y L,‘
70 = L
60 — i
'
50 =
ko
e
20 H==
—~—ee Control
ol e i0 Days W
A0 f==i 120G+ 1RO Bava N
I T I | | D S

5 10 15 20 25 30 35
Months

Figure 1. Survivsl of all offspring of control
and irradiated male parents as o function of age in
nonths,




Per Cent Survival

172

10 S
& =
. C=57 female X dba mals
70 =
60 Py
50 |=
. A
U == "".‘3
“'.:‘\\\
30 =
Y
20 - o ONLTOL ?\\
—— I a ‘ Ty
\:}\é
N
B R N N N O N

|

}

5 10 15 ?0 25 30 15
Honths

Figurs 2, Supvival of all offsoring of control
and irradiated femslec parents as 2 Tunction of age in
nonthe.




173 -

In computing gompertsian mortality rates a weighting factor was used
that was derived from the variances of proportion of mortality observed in
each group. The rates were computed from:

1 N(t «h
wt'!ﬁbg *

where 2h is the selected time interval (six months) and N(t) iz the numbar of
animals living at time t. Regression lines were fitted by the maximum 1likeli-
. hood method. Displacement of gompertrian intercepts was estimated from mean
values calculated from the relevant regression equationz., Whenever available
data ‘were inadequate for regression analysis of the computed mortality rates,
the 95% fiducial limite of each representative point were computed. Ths re-
sultes are given in Figures 3 and L and Tables 3 and L. '

Satisfactory regression lines of gompertzian mortality rates were. ob-
tained for both sexes from control groups and from l0-day offspring. The
alopes of the Gompertz regressions did not differ significantly within groups
of mice of the same sex but did differ between sexes. Moreover, there was a
displacement of these Gompertz intercepts between sexes and bstween control
progeny and 10-day offspring. These findings suggested that: (1) there was
a specific age dependency of the mortality rate which appeared to be different
in progeny of either sex, yet independent of the irradiation experience of the
male parent, and (2) tvhe displacement of the intercepts indicated that there
was an observable reduction in life expoctany in msle and female progeny con~-
ceived by irradiated males mated within ten days after exposure.

The offspring pooled by sex from the matings at 120 and 180 days after
the exposure of the male parent were too few to obtain a satiasfactory re-
gression., Therefore, the 95% fiducial limits were calculated for the relevant
computed mortality rates., In groups of either sox the confldence limits for
the separate representative points tended to embrace the regreasion line corre-
sponding to the offspring conceived by males ten days after irradiation, It
was concluded that the reduction in life span for 120- and 180-day post-
irradiation progeny was probably equivalent to that cbserved for the lO-day
post-irradiation offspring, irrespective of sex

Correlation analysis were carried out on the data for 10-day offspring
from C-57 irradiated female X dba male. They ylelded regression equations
whose linear coefficients wers 0.157 for female offspring and 0,282 for male
offspring (Table 3). These were divergent from the slopes previously estimated
for the offspring of reciprocal matings. Therefore, it was believed that they
did not provide an adequate basis for comparison, yet the shifts of the gow-
pertzian rates, estimated at the 15-months survival time were consistent with
previously computed intercepts (Table L). Consequently the 95% fiducial limltc
of the computed mortality rates were also estimated. It may be gseen (PMigures 3
end }i) that the confidence limits tended to embrace the control regression
lines, suggesting that irradiation of the female, in contrast tc the male, did
not affect the mortality rate of the progeny. All females were sterile at 120-
and 180-day post-irradiation matings. :
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TABIE 3
GOMPERTZIAN SLOPES AND FIDUCIAL LIMITS

Time of i Sex of 95 Per Cent
Conception Hybrid Parents | ofrapring | S1°P® | Fiductal Linits
dba female X C=57 male ¥ 0,23k % 0,016
Control plusg .
C-57 female X dba male | 7 0.185 < 0,018
Lo 0.236 < 0,050
I >
j ” | 0,181 0,037
10 days i ‘3 :
g i [
A 0,282 % 0,028
| II : : .
R | i F 10,187 < 0,020 |
I M 1 5080 LR K- NV j
120 + 180 days ¥ ;
II R F ; LN R S e e OY ]

Oroup I » dba female X C~57 irradiatod male. |
Group II = C-57 irradiated female X dba male. !
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TABIE |

DISPLACIMENT COF QGOMPERTZIAN RATES
(NATURAL LOG)

Groups Compared

Control males and control females .o ¢ o o o o o o o

Control males and Group I males {10 days) . -

L4
o
L
o

Control females and Oroup I females (10 days)

o
&
° -
a

Control males and Group II males (10 days) o c o e o
Control females and Oroup II fewmales (10 days) . » o

Group I = dba female X C-57 irradisted

male.

Oroup II = C-57 irradiated femsle X dba male.

Y

Displacament
1.08
1,26
0.88
0,05
0.23

e
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" Discussion

Our findings on sterility, fertility and litter sises confirmed the
work of Genther (20), Strandskov (21), Snell and Ames (22), Henson (23), and
Amworoso and Parkes (2L).

The general conclusion of the mortality data by graphical analysis ez
well as by computation of gompertzian rat.es was that differences could be
noted between the groups from irradiated male parents but not from irradiated
feamle parente.

Our findinges with the progeny of irradiated male mice are gimilar to
those obtained by Russell (17) who reporied a reduced life span in the progeny
of male mice mated 19 to 23 days after neutron irradiation, He suggested that
the progeny in his study were derived from c¢ells that were in a sensitive stage
of gamestogenesis at the time of irracdiation, The same conclusions may be draswn
from our atudy of the progeny conceived at 120 and 180 days after irradiation
of the male parent. However, this camnot be said of the progeny from the .ir-
radiated msle parent conceiwnd within ten days following exposure. The pro-
genies of this mating wers born on &n averagas of 22,3 days after irradiation
of the msle parent, and clearly indicetes that these offspring were largely
derived from irradiated spermatozoa. This suggusts thet spermatozoa were
also sensitive to radiation as were the cells under corgidsration in Russellip
study, and in the male gametas involved in lste matings in cur study.

The reduced life span exhibited by the progeny from the 120~ and 180«
day matings of the dba fewale X C=57 irradiated male as compared with those of
the 10-day matings, was contrary to expectation since Hertwig (8) observed
diminished genetic effects in progeny conceived in the post-sterility period.
Russell (17) alsc suggested that such effects in late littors might be
diminished. Our results suggested that spermatcgonia might carry the life
span reducing injury “or several cell generations, In fact, the reduced iifs
span of the progeny might well be a permenent genetic burden for male gsmetes.

The absence of shortening of 1life span in ths progeny of irradiated
females was also unexpected. Russell et al. (25) showed that mutations at
specific loci were increased, regardless of the sex of the irradiated parent;
they concluded that for induced mutations at specific loci, acuts irradiation
of Yocytes was at least as effective as acute irradiation of spermatogenisa.,
Our data did not support this view, but rgthar tended to agree with the con-
clusion made by Carter (26) that female germinal cells are less sensitive bo
radiation than those of the male. However, such a comparisen with our results
is pertinent only to the extent that one can reasonably assune that the re-
duction in longaevity as observed in hybrid mice frem an irradiated parent is
related to the same mutational processes studied by Russel et al. (25} and
Carter (256).

Our study yielded no elnes as to why s reduction of life expectancy
was observed in the progeny from irradiated male, btut not from irradiated
femalesn. . '
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Suwary
This experiment wss designed in an attempt to study the longevity
of offspring from. an irradiated snd a non-irradiated parent. Mice of strains
dbs and C-57 Black weres mated and cross-mated 56 days before snd 10, 120, and

180 days after 200 r whole-body x-irradiation was delivered either to the
male or female parent. : R

There was a reduction in the mumber of successful pregnancies and in
the litter size of the 120-day and 180-dsy matings with the irradiated male
parent. This-reduction in pregnancies did not hold for the irradiated female
parent in the 10-day matingj they were sterile in subsequent maiings. The
percentage of animsls born and living until weansd and the distribution of
sexes at veaning time did not Yollow a consistent pattern,

Irrudiatidn of the male parent reduced the life span of its progeny
wvithout regard to their sex whether conceived immediately after irradiation
or 120 or 180 days Jater. It is likely that spsrnatozoa were irradiated in
the first mtings and spermatogonia in the second and third.

Irradiation of the female parent did not reduce the life span of its
progeny, regardless of sex. Females given 200 r whole-body x-irradiation
were sterile at 120 and 180 days after exposurae,
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